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TO MY PARENTS
SUMMARY
The reasons fo r  the d isparity  between predicted and measured 
ground movements are discussed. The factors which a ffe c t  the ra tio  
of in situ  e ffec tive  stress, K0 , are reviewed together with the 
methods fo r  evaluating KQ. S im ila rly , the factors which a ffec t the 
stress-stra in  properties of a soil and the methods of obtaining the 
stress-stra in  relationship of a soil are reviewed.
On the basis of evidence presented a case is made fo r  achieving 
s im ila r ity  between the laboratory test model and the f ie ld  
prototype. The extents to which this s im ila r ity  is both possible and 
necessary is explored in a series of tests on normally consolidated 
coarse sand. The effects of undrained tota l stress r e l ie f  sampling 
disturbance is examined together with the effects of isotropic and 
anisotropic reconsolidation, and the subsequent application of the 
conventional t r ia x ia l  test stress path or of an idealised construction 
stress path measured at the s ite  of an embankment dam. The 
development and operation of an automatic programmable t r ia x ia l  test  
system which was used to perform the tests is described. In the 
system a desk-top computer is used to acquire and process the test  
data and to control the te s t  to allow conventional t r ia x ia l  tests,and 
the simultaneous application of varying axial and radial stresses to 
simulate f ie ld  conditions. The in situ soil is modelled by carrying 
out Kq consolidation in the conventional t r ia x ia l  c e l l .
By comparison with the modelled in situ  s o i l ,  i t  is confirmed 
that the undrained s tress-stra in  relationships are made s ig n if ic a n t ly
more r e a l is t ic  by anisotropic reconsolidation to the in s itu  stresses, 
and i t  is fu rther shown that the drained stress-strain relationships  
are made s ig n if ic a n tly  more r e a l is t ic  by applying the f ie ld  
construction stress path. In addition i t  is shown that stress r e l ie f  
sampling disturbance does a ffec t the deformation moduli determined from 
both undrained and drained t r ia x ia l  te s t  data.
A speculative method is proposed whereby the in s itu  state of 
effec tive  stress may be estimated from undisturbed t r ia x ia l  tes t  
specimens.
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NOTATION
The following is a l i s t  of the main symbols used in this  
investigation. Other symbols are defined in the test.
E Youngs Modulus
G Shear Modulus
K Bulk Modulus
Ko C oeffic ient of Earth Pressure at Rest
IP P la s t ic ity  Index
e Voids Ratio
n Porosity
u Pore Water Pressure
V Poissons Ratio
ei, Principal Strain in Direction 1
£3 Principal Strain in Orthogonal Direction 3
ev Volumetric Strain
01 Principal Stress in Direction 1
g 3 Principal Stress in Orthogonal Direction 3
aD Deviator Stress
am Mean Stress
A The change in
1 Refers to the e ffective  stress parameter
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CHAPTER 1
1.0 The Geotechnical Prediction of Field Behaviour
1.1 Introducti on
To make a valid  prediction of ground movements fo r  use in 
design two components are required to ana ly t ic a lly  simulate the f ie ld  
prototype. The f i r s t  component is  an analytical model which w i l l  
simulate the physical mechanism involved during the construction and 
fo r  the subsequent loadings. The second component is the data which 
amused in the analytical model and must closely model the in s itu  
soil under the construction loadings. A combination of these two 
components should lo g ica lly  give accurate predictions of ground 
movements. The complex analytical techniques availab le , such as 
the f in i t e  element method, are now capable of providing a high degree 
of s im ila r i ty  between the analytical model and the f ie ld  prototype.
I t  is apparent therefore that the errors in these predictive processes 
are caused by unreliable soil data.
Data fo r  the analysis can be supplied in four ways: precedent, 
back-analysis, in s itu  tests and laboratory tests . Precedent is the 
application of known techniques of analysis and construction which 
have previously proved successful in terms of engineering performance 
(Peck, 1969). Back-analysis is s im ila r , an existing construction is 
analysed using measured ground movement to determine appropriate 
deformation moduli. In s itu  testing is the testing of the soil 
properties of the actual s ite  p rio r to construction. F in a l ly ,  
laboratory testing consists of obtaining a sample of so il from the
actual s i te ,  subsequently preparing and testing a specimen of soil 
and evaluating the appropriate soil parameters. Probably the most 
common method because of the ease of acquiring and testing a 
specimen, and the re la t iv e ly  inexpensive way i t  is achieved.
Large d isparities  have been observed to exist between the 
measured ground movements and those predicted using data obtained 
from conventional laboratory tests . This d isparity  can be partly  
attributed to the effects of the sampling disturbance the tes t  
specimen experiences during sampling and reinstatement in the 
laboratory te s t ,  and the differences in applied stress paths 
between the laboratory test and the f ie ld  prototype.
There are two main sources of sampling disturbance, mechanical 
sampling disturbance and stress r e l i e f  sampling disturbance. 
Mechanical sampling disturbance is associated with the physical 
methods used to recover a sample from the in s itu  mass and can be 
minimised by careful sampling techniques. Stress r e l ie f  sampling 
disturbance is that which occurs when the sample is recovered from 
the in s itu  soil and the to ta l stresses are reduced to zero, this  
type of disturbance is unavoidable.
The engineering behaviour of soil is  stress path dependent 
and therefore to model d if fe ren t forms of construction requires 
d if fe re n t  experimental models which simulate closely the mechanics 
of the f ie ld  condition.
I t  is  necessary therefore to assess the effects of stress 
r e l ie f  sampling disturbance upon laboratory determined deformation 
moduli, and to develop laboratory testing techniques which achieve 
a comparable degree of s im ila r ity  between the tes t model and f ie ld  
prototype as exists between the analytical model and f ie ld  
prototype.
1.2 The Disparity  Between Predicted and Observed Ground Movements
Before, During, and A fter Construction
The magnitude of in situ stresses and deformation parameters 
of the ground have always been of crucial in terest and importance to 
geotechnical engineers. Knowledge of the in s itu  state of stress has 
a major influence upon the behaviour of a soil since i t ' s  stress- 
strain characteristics are dependent upon stress level (Breth 
et al, 1973; Atkinson, 1975). Consequently, deformations and local 
y ie ld ing , part ic u la r ly  around excavations and underground openings 
are affected by changes occurring in the la te ra l stresses (Henkel, 1970 
Morgenstern and Einstein, 1970).
Until recently most calculations required of practising  
engineers for the design of foundations or earthworks were restr ic ted  
to l im i t  analysis fo r  s ta b i l i ty  calculations. Limit analysis ignores 
both the deformation characteristics and level of in s itu  la te ra l  
stress of the undisturbed ground. Conventional settlement prediction  
depends on f ie ld  deformation parameters which in turn are dependent 
upon: the e ffec tive  stress le ve l,  applied stress path and stress 
history (Wroth, 1975). In most instances these parameters were
derived from laboratory tests on "undisturbed" test specimens and 
were subsequently used in re la t iv e ly  simple analyses to provide a 
basis for an acceptable design.
Urban development has led to a scarcity and increase in cost 
of good building land, and has encouraged the building of structures 
close to each other. Under these circumstances new construction 
techniques are constantly being developed and i t  is essential 
therefore that the effects of construction on adjacent properties be 
evaluated in terms of both ground deformations and s ta b i l i ty .  C learly ,  
there is a need fo r  practical and economic design methods which 
can re lia b ly  and accurately predict the consequent ground movements.
The development of electronic d ig ita l computers over the past 
twenty years have had a profound e ffec t upon the speed and complexity 
of analyses which can be achieved. In particu lar i t  has enabled the 
f in i t e  element stress analysis technique to be developed and applied 
to the analyses of a variety of geotechnical problems (e .g . seepage, 
consolidation, e tc . ,  Desai, 1972).
There are many comparisons of predicted and observed performance 
of structures presented in the l i te ra tu re  (Cole and Burland, 1972; 
Kulhawy and Duncan, 1972; Stroh and Breth, 1976; Corotis and 
Krizek, 1977). Many of the unsuccessful comparisons as yet  
remain unpublished. I t  is evident that some comparisons give good 
correlation between predicted and observed ground movement, especially  
fo r  positive loading (e .g . embankments) increments where the soil
consolidates. For negative loading increments (e .g . excavations) 
the correlation between predicted and observed ground movements is  
poor (Ward, 1971). Indeed reasonable correlation between measured 
and predicted performance was defined by Lambe (1973) as being when 
predicted ground movements are within ± 10U% of measured movements. 
To decide i f  an error of 100% is acceptable the se n s it iv ity  of the 
proposed construction^ performance with ground movements must be 
determined. For example buried pipelines are more sensitive to 
ground movements than earth dams.
The large disparity  between predicted and observed ground 
movements has been observed by many researchers. By back-analysing 
deformation moduli from ground movements at various sites and 
comparing them with moduli determined from conventional laboratory 
tests , the laboratory moduli were found to be as much as f iv e  times 
lower than those obtained from back-analysis (Mars!and, 1973; 
Atkinson, 1974).
Evidence suggests the present laboratory methods for  
evaluating deformation moduli are inadequate. Moreover, there is a 
growing awareness of the lim itations of laboratory determined 
parameters when used in predictive techniques. I f  laboratory 
techniques were improved to obtain f ie ld  deformation moduli, the 
f u l l  potential of these powerful analytical techniques would be 
realised.
1.3 A n a ly t ic a l M odelling
1.3.1 Computer Models
Today the most common of the powerful analytical techniques in 
use is the f in i t e  element method. The basic concept of the f in i t e  
element method is the idealisation of an actual material as an assemblage 
of elements interconnected at defined nodal points. Applying loads 
or deformations as boundary conditions and using the concept of 
compatibility  a t each node, the resulting stresses and strains  
within the approximated continuum can be computed.
In order to obtain accurate predictions the key requirements 
are a re a l is t ic  model of the physical construction sequence 
together with an accurate model of how the soil behaves.
1.3.2 Construction Model
To model engineering performance in the f ie ld  a sound 
knowledge of the construction procedures and consequent deformation 
modes w i l l  be required. From this knowledge the procedure w i l l  
probably be sim plified to a form appropriate to the computer. Also 
the appropriate laboratory tests to determine the relevant 
deformation moduli can be selected. I t  should be emphasised that  
modelling the actual construction situation may be more d i f f i c u l t  
and important than obtaining soil parameters (Lambe, 1973).
1.3 .3  S o il Model
Real soils do not behave predictably because they are a non­
e la s t ic ,  anisotropic, non-homogenous, stress path dependent 
m ater ia l.
The greatest d i f f ic u l ty  arises in modelling the load 
deformation characteristics of a s o i l .  Deformations are composed of 
time dependent and non-time dependent contributions. Time 
dependent deformations are consolidation, secondary compression, 
and swelling and are not often used in models. The non-time 
dependent are of importance and can be sub-divided into l inear  
e la s t ic ,  non-linear e la s t ic ,  and p lastic  deformations 
(Morgenstern, 1975). For most soils the non-linear e la s t ic  model 
is adequate for representing the stress-stra in  characteristics of a 
s o i l ,  which is then expressed mathematically in the form of a curve, 
such as a hyperbola, for in terpretation within a computer 
(Kondner and Zelasko, 1963; Duncan and Chang, 1970; Kulhawy and 
Duncan, 1972; Desai and Christian, 1977). Recently e las to -p las tic  
stra in  softening models have been developed in which the shear 
strength reduces a f te r  a peak shear and the stra in  increases at a 
constant stress level (K a lte z io t is , 1979).
At any point within a soil mass the vertica l and horizontal 
stresses are not equal. This anisotropic stress state is commonly 
formed by a combination of two factors: the p art ic le  packing 
arrangement, and the result of stress history (Menzies, 1970). I f
the soil structure is composed of p la te - l ik e  partic les , upon 
deposition they w i l l  layer horizontally  to maintain a position of 
minimum potential energy forming a s t i f f e r  structure in the 
vertica l direction from the horizontal d irection. The magnitude 
of this difference is dependent upon the shape of the individual 
partic les and the packed structure that they form. Inherent 
anisotropy therefore results from the process of deposition and 
subsequent stress history. Hence, over-consolidated soils generally  
possess a higher degree of anisotropy than normally consolidated 
so ils . I f  the soil is assumed e la s t ic  as is the case fo r  over­
consolidated clays (Atkinson, 1975) anisotropy can be accounted 
fo r  in the analysis (Pickering, 1970; Chowdhury, 1974).
Non-homogeneity, the non-uniform composition of a soil throughout 
i ts  mass, can be considered to be composed of localised variation in  
structure or the variation in stiffness of a soil with depth. Local 
variations such as sand lenses in clay are rare ly  accounted fo r  
because i t  is uncommon for a complete soil p ro f i le  to be known. 
Non-homogeneity in the form of a s t i f f e r  soil structure with depth 
can be accounted fo r ,  and has been shown to be important (Cole and 
Burland, 1972; Burland et a l , 1973).
A s o i l 's  deformation properties are dependent upon stress 
history (Wroth, 1971) and yet no re liab le  method of accounting for  
stress history has been developed. Therefore i t  is reasonable to 
expect more r e a l is t ic  deformation moduli may be found from tests  
provided the tes t specimen is reinstated to the in s itu  stress state
(Davis and Poulos, 1967; Atkinson, 1975) and then apply a stress 
path which closely simulates the f ie ld  loading stress path.
1.4 Acquisition of Data
There are four d if fe re n t  methods available for obtaining soil 
data for use in geotechnical analysis: precedent, back-analysis, 
in s itu  tests and laboratory tests . They w i l l  now be considered in 
d e ta i l .
1.4.1 Back-Analysis
The back-analysis method incorporates the use of a model of soil 
behaviour (e.g. non-linear e la s t ic )  together with the measured 
ground movements to obtain the appropriate deformation moduli.
In i t ia l ly *  deformation moduli are assigned particu lar values. Resulting 
deformations associated with these values are then compared with the 
measured deformations. Accordingly the parameters are then adjusted 
to obtain com patibility  between the predicted and measured deformations. 
Parameters corresponding to the most compatible match with the soil 
behaviour w i l l  then be assigned to the soil (Creed, 1979).
The realism of deformation parameters obtained in th is  way 
depends upon several factors each of which w i l l  a ffec t the f in a l  
predictions. To obtain appropriate deformation moduli, the soil  
conditions at the sites of the back-analysed and proposed constructions 
should be s im ilar  and therefore the two sites should be as close
together as possible. To reduce the e ffec t of d if fe re n t stress 
paths between the back-analysed and proposed construction both the 
type of construction and construction sequence should be 
sim ilar. For example, i t  w i l l  be inappropriate to use the results 
from a back-analysed excavation in the prediction of ground movements 
associated with an embankment. The observed ground movements must 
be accurately known and to th is  end a l l  observation points must 
be care fu lly  insta lled  in the correct places to ensure they remain 
undamaged and give appropriate readings (Burland, 1977).
I f  the above guides are observed re a l is t ic  deformation moduli 
should be obtained from the analysis provided the analytical model 
simulates closely the mechanics occurring in the f ie ld .  Until the 
importance of instrumenting constructions is more widely recognised, 
reliance for data must be placed on f ie ld  and laboratory tests .
1.4.2 Field Methods
Field methods have the advantage of being performed upon the 
actual s ite  under consideration.
The best type of f ie ld  tes t is a t r i a l  construction, which is 
extensively instrumented and monitored. I t  w i l l  simulate almost 
exactly how the proposed construction w i l l  occur. In this way the 
t r i a l  construction method is s im ilar to the precedent method. T r ia l  
constructions are the most accurate and most expensive and can only 
be considered for high cost construction where adequate funds are
available and the design is less conservative than usual.
The most useful types of in situ tests are the plate loading 
test (Marsland, 1971) and the self-boring pressure meter (Wroth and 
Hughes, 1973). A detailed description of the operationof both tests is 
given in Chapters 3 and 2 respectively. The general tes t philosophy 
is to in s ta ll  a device into the ground with as l i t t l e  disturbance as 
possible. A load of some form is applied and from the resulting  
measured s tra ins , specific deformation moduli can then be determined. 
When using these types of test i t  should be ensured that the area under 
test is representative of the soil mass. Various other types of f ie ld  
test are discussed more fu l ly  in Chapters 2 and 3.
1 .4 .3  Laboratory Methods
There are two types of laboratory test which are commonly used 
to determine deformation parameters: the oedometer, and the t r ia x ia l  
tes t. Again the various methods of obtaining deformation moduli are 
discussed f u l ly  in Chapter 3. The main advantage is the r e la t iv e ly  
small cost to produce data compared to elaborate f ie ld  tes ts , which 
makes laboratory testing the most common method fo r  obtaining soil 
parameters.
1.5 Uses of the F in ite  Element Technique
The aim of the f in i t e  element technique is to predict the ground 
movement occurring under the imposed construction stresses. Much of
the work reported to date compares the predicted and observed movements 
of structures in order to ju s t i fy  the various analytical models and 
procedures (Dunlop and Duncan, 1970; Cole and Burland, 1972;
Stroh and Breth, 1976; Corotis and Krizek, 1977). The f in i t e  element 
technique is p a rt ic u la r ly  useful in performing parametric studies 
which determine the s e n s it iv ity  of performance of a construction to 
various deformation moduli or design assumptions (Creed, 1979). For 
example the s ign if ican t e ffec t of d if fe ren t assumptions regarding the 
in s itu  state of e ffective  stress on the s ta b i l i ty  of slopes was 
i l lu s tra te d  by Lo and Lee (1973).
1.6 Comparison of Laboratory and Field Determined Moduli
A comparison between actual f ie ld  deformation moduli, in s itu  
tes t moduli, and laboratory tes t moduli was presented by Burland and 
Lord (1969). The comparison was undertaken at a test s ite  at 
Mundford in Norfolk on chalk. The f ie ld  moduli wen» obtained from the 
back-analysis of observations from a fu l l  scale tes t tank by assuming 
the stress d istr ibu tion  beneath the tank is given by the simple, 
isotropic, e la s t ic  theory. The values of Youngs modulus were estimated 
at various depths from observed strains beneath the tank. The in s itu  
tes t performed was the plate loading test using the load increment 
procedure as described in Chapter 3. The laboratory tests were unconfined 
compression tests and standard t r ia x ia l  tests. Definitions of the 
chalk grades are given in Table 1.1. For good grade chalk i t  was 
observed that the f ie ld  determined Youngs modulus was s im ilar  to that 
obtained from the plate loading tes t. For grade I I I  chalk the plate  
loading tests gave a value of Youngs modulus ha lf that back-
Table 1.1. C lassification of Chalk
Grade Brief Description
V Structureless remoulded chalk containing lumps of 
in tac t chalk.
IV Rubbly partly  weathered chalk with bedding and jo in t in g .  
Joints 10-60mm apart, open up to 20mm and often 
in f i l le d  with soft remoulded chalk and fragments.
I I I Rubbly to blocky unweathered chalk. Joints 60-200mm 
apart open up to 3mm and sometimes in f i l l e d  with 
fragments.
I I Blocky medium hard chalk. Joints more than 200mm ar* “ 
and closed.
I As for Grade I I  but hard and b r i t t l e .
(A fter Burland and Lord, 1969)
analysed from the tank test observations. The value of Youngs modulus 
derived from careful laboratory tests were in reasonable agreement 
with the back-analysed tank test, results fo r  grade I I  chalk. As the 
grading of the chalk increased to grade V the laboratory values of 
Youngs modulus became as much as ten times that of the tank tes t.
The d isparities  between the laboratory determined moduli and 
the back-analysed moduli, and the moduli determined from the plate  
loading tes t and back-analysed moduli were attributed to the degree of 
discontinuities within the chalk mass. The small laboratory test  
specimens had few discontinuities or they would not have remained 
in tac t during tes t specimen preparation, whereas the soil mass w i l l  
have jo in ts  and cracks. S im ilarly  fo r the poor grade chalk the sample 
tested under the plate during the plate loading te s t  must not have 
been representative of the soil mass. The evidence indicates care 
should be taken to ensure the soil under tes t in the laboratory or 
in s itu  is representative of the soil mass.
Evidence confirming the d isparity  between deformation moduli 
obtained from laboratory and f ie ld  tests have been observed on London 
clay by Marsland (1973) and Atkinson (1974;. The results of plate  
loading tests and conventional t r ia x ia l  tests were compared by 
Marsland, w hilst Atkinson compared f ie ld  and in s itu  values of 
several previous investigations with undrained t r ia x ia l  tes ts , fo r  both 
authors the f ie ld  value of Youngs modulus was 3 to 5 times greater than 
the laboratory determined modulus. These results co n fl ic t  with those 
of Burland and Lord (1969) who observed the laboratory moduli up to an
order of magnitude greater than the in situ value.
1.7 Sampling Disturbance
In his authoritative  work on sampling Hvorslev (1949) c lass ified  
the disturbance experienced in extracting a sample from the ground 
into f iv e  basic types:
( i )  Mechanical disturbance of the soil structure.
( i i )  Change in stress conditions.
( i i i )  Change in water content and void ra t io .
( iv )  Chemical change.
(v) Mixing and segregation of s o il .
Of the f iv e  types of disturbance defined, those types which 
represent the most s ign if icant e ffec t on a l l  types of soil are 
probably the f i r s t  two which w i l l  now be considered in more d e ta i l .
1.7.1 Mechanical Disturbance
The mechanical disturbance of a soil can occur before, during 
and a f te r  sampling depending on the methods used, although i t  is 
more commonly associated with the process of driving some form of 
sampling device into the soil and its  subsequent extraction. The 
d i f f ic u l t ie s  of recovering useful undisturbed* samples especially  in 
sandy or fissured soils is widely known. Representative samples can 
be recovered i f  good sampling methods are used (e.g. Kjellman f o i l
*  fo r  clays "undisturbed samples" should be renamed constant moisture 
content samples (Davis and Poulos, 1967).
sampler, Mazier core b a rre l) .
The s ign if icant e ffec t of the quality  of the sampling method 
upon the shear strength of soils has been demonstrated by Ward et al 
(1959) and Raymond et al (1971). They concluded that the strengths 
of samples obtained from careful block sampling could ' J b e  several 
times that obtained from driven open-ended tube samples. Also the 
e ffec t  of the quality  of the sampling method upon the stress-stra in  
behaviour was demonstrated indicating that mechanical sampling 
disturbance w i l l  a f fe c t  s ig n if ican tly  the deformation moduli 
determined from these samples.
The amount of mechanical disturbance may be controlled and can 
be almost eliminated by good sampling methods such as hand trimmed 
blocks cut from the floors of t r i a l  p its .
1.7.2 Stress R elie f
The second s ign if ican t contribution to the e ffec t of sampling 
disturbance is that e ffec t caused by stress r e l ie f  upon reducing the 
to ta l stresses to zero. This is the reduction of the in situ  
anisotropic to ta l stress state to the isotropic to ta l stress state of 
atmospheric pressure when the sample is extracted from the sampling 
device. The e ffec t  of th is change in stress may be to d is to rt . th e  
sample, which in accordance with the principle of e ffec tive  stress 
would change the e ffec tive  stress within the sample. There is no 
recognised method for eliminating this e ffe c t .  I t  has been suggested
that i t  may be possible to minimise this e ffec t before testing  by 
reimposing the in situ  state of e ffective  stress (Atkinson, 1975;
Wroth, 1975). The non-linear behaviour of soil and the deformations 
resulting from this stress change however may not be reversib le.
The contribution of stress r e l ie f  sampling disturbance cannot 
be reduced because the reduction in tota l stress is an inherent 
part of the sampling operation, and is unavoidable when recovering 
a sample fo r laboratory testing. Indeed Davis and Poulos (1967) 
presented results from t r ia x ia l  tests which were performed on kaolin 
which indicated that the disturbance caused by stress r e l i e f  is of the 
same order as that caused by the mechanical process of sampling.
1 .7 .3  Disruption of Fabric
The nature of sampling disturbance w i l l  be to change the 
natural structure and fabric  of the soil (Rowe, 1971). The possible 
effects of changing a s o il 's  fabric  especially upon permeability  
has been pointed out by Rowe (1972). Moreover, changing the fabric  
may a l te r  the sample to a d if fe re n t  material in engineering terms 
with d if fe re n t  properties from the in s itu  parent m ateria l. This may 
be manifest in a weakening of the p artic le  bonding and a rearrangement 
of the structural packing changing the void ra t io .  This process is 
ir revers ib le  and changes the engineering characteristics of strength and 
deformability of a so il .
1.7 .4  Previous Investigations of Sampling Disturbance
The e ffec t  of sampling disturbance has been studied by various 
researchers correlating disturbance with the undrained shear strength 
together with speculations as to i ts  e ffec t on the stress-stra in  
relationships.
The shear strength obtained from hand trimmed blocks of several 
undisturbed clays were found by Rutledge (1944) to be approximately 
equal to that existing in s itu . Subsequent investigators have 
corroborated these important findings (Skempton and Sowa, 1963; 
Noorany and Seed, 1965; Davis and Poulos, 1967; M ilov ic , 1971;
Raymond et a l , 1971). The sampling method has been shown to a ffec t  
s ig n if ic an tly  the value of undrained strength. Raymond et al (1971) 
performed d if fe re n t  sampling methods on the Leda clay and showed the 
undrained shear strength of block samples to be up to 2| times the 
shear strength from open-ended sampler. I t  can be concluded 
therefore that the undrained shear strength of a soil is not affected  
s ig n if ic an tly  by sampling disturbance provided the strength is 
measured from undrained t r ia x ia l  tes t specimens prepared from hand 
trimmed block samples.
D isparities  between simulated f ie ld ,  and laboratory determined 
values of undrained shear strength have been observed. Skempton and 
Sowa (1963) observed a d isparity  of the order of 1 %  fo r  London clay 
which had a s e n s it iv ity  of 2. Similarly, Noorany and Seed (1965) 
observed a d isparity  of 6% fo r  San Francisco bay mud which possessed
a s e n s it iv ity  of 8. Therefore, i t  can be confidently suggested 
that the d isparity  between laboratory and in s itu  strengths may 
to some extent be correlated with the clay's s e n s it iv ity .
While the object of these investigations was to study the 
influence of sampling disturbance on the shear strength, the 
corresponding stress-stra in  relationships have been observed.to be 
markedly d if fe re n t  for d if fe re n t  sampling methods. In particu lar  
results of tests performed on kaolin suggest that the value of 
undrained Youngs modulus is extremely sensitive to the type of 
reconsolidation used. Davis and Poulos (1967) and Atkinson (1975) 
proposed that the laboratory tests should commence from the in s itu  
state of stress to eliminate the e ffec t of sampling disturbance as 
much as possible.
1.8 Stress Path Similitude
I t  has been demonstrated that the stress-stra in  characteristics  
of a soil are s ig n if ic an tly  affected by the stress history and 
subsequent stress path experienced by that soil (Breth et a l , 1973; 
Corotis and Krizek, 1977; Lambrechts and Leonards, 1978). To expect 
to obtain the correct deformation parameters each tes t specimen must 
be subjected to an appropriate stress path from the in s itu  state of 
effective  stress.
1.8.1 Comparison of Field and Laboratory Stress Paths
Compare the stress history and stress paths experienced by a 
laboratory tes t  specimen with i ts  corresponding unsampled position 
within the ground mass (Figure 1 (a & b )) .  Suppose that the 
construction is a dam and the applied f ie ld  stress path known 
(e .g. Vaughan (1971) reported the observations of stresses within the 
core of the Balderhead dam during construction), and the applied 
laboratory te s t  is a conventional t r ia x ia l  te s t .  Furthermore, suppose 
for s im plic ity  that the soil is normally consolidated.
Consider f i r s t  the f ie ld  soil element. Assume i n i t i a l l y  that  
the general conditions of uniform global loading preva il,  the stress 
path of the soil element w il l  be that of Ko loading A-B (Figure 1.1 (a & b)) 
where no la te ra l deformation takes place. Thereafter, the soil 
element is subjected to the construction stress path, which is 
dependent upon the type of construction and the construction 
sequence B-C.
Now consider the stress path experienced by the soil element 
sampled and tested in the t r ia x ia l  ce ll in the usual way. The element 
would have the same deposition path A '-B '.  (Figure 1.1 (b ) ) .
Thereafter the s im ila r ity  ceases. Sampling produces a reduction of 
a l l  imposed to ta l stresses to zero, B '-C '. - For conventional t r ia x ia l  
tests the test specimen is usually iso trop ica lly  reconsolidated, 
using a cell pressure equal to the estimated overburden pressure 
(Simons and Som, 1970), to give path C'-D' (Figure 1.1 (b ) ) .  A
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NOTE.
In the diagram illustrating the stress path experienced by a laboratory 
test specimen of soil, the primed characters (i.e. A') refers to total 
stress only.
pore water pressure is also applied during the reconsolidation 
p rocedure which may be the f ie ld  pore water pressure or may be 
a rb itra ry . Subsequently the tes t specimen is loaded a x ia l ly  to 
f a i lu re ,  D '-E '.  Throughout the stage defined by the path D'-E' 
the deviator stress and axial strain are monitored to provide 
the data which is erroneously expected to predict the-in  situ  
deformation during the f ie ld  stress path B -C .
From the evidence presented i t  is unrea lis tic  to expect the 
stress-stra in  behaviour along path D'-E' to be s im ilar to that along 
B-C . Indeed i t  is probable that the difference in moduli from 
stress paths B -C  and D'-E' (Figures 1.1 (a) and (b)) w i l l  contribute  
s ig n if ic a n tly  to the d isparity  between laboratory determined and 
f ie ld  deformation parameters.
1.8.2 Similitude
The previous section has endeavoured to emphasise the neglected 
importance of sim ilitude between the laboratory tests and f ie ld  
stress path. The importance of recognising sim ilitude of fa i lu re  
mechanisms concerning shear strength has been discussed by 
Bjerrum (1972, 1973) and Menzies (1976). An obvious example of lack 
of s im ilitude is the analysis of a construction which is assumed to 
correspond to plane s tra in , such as embankment, when the data are. 
provided from the axisymmetric t r ia x ia l  te s t. For strength properties 
i t  has been proved that the axisymmetric strength is more conservative 
than the plane stra in  strength (Green and Bishop, 1969). There is
l i t t l e  data available however comparing deformation moduli determined 
in laboratory plane strain  and axisymmetric tests. Hambly (1972) 
performed a series of one and two dimensional consolidation tests on 
remoulded kaolin. He concluded that d if fe re n t stress paths affected  
the values of the void ra t io  during consolidation, again indicating  
that the difference between the results of plane strain  and t r ia x ia l  
tests are s ign if ican t.
The correlation between predicted and observed deformations are 
much better fo r  embankments and foundations than for excavations and 
tunnels (Ward 1971). This can be partly  explained by the degree of 
s im ila r ity  existing between laboratory tests and the f ie ld  condition 
during positive load increments. Considering an embankment foundation 
loading, the direction of major stress change in the ground is in the 
v ertica l d irection . This is the direction of major stress change of a 
tes t specimen in an oedometer or conventional t r ia x ia l  te s t .  For 
excavations however, the direction of.major stress change is in the 
horizontal d irec tion , which is not inherently modelled in an 
oedometer te s t ,  and rare ly  executed in a t r ia x ia l  tes t.
Lambe (1964, 1967) f i r s t  recognised the lack of sim ilitude  
between laboratory tests and the f ie ld  condition and accordingly 
developed his stress path method as a rational approach for  
predicting settlements and the solution of deformation problems.
In general the stress path method consists of two steps. The 
f i r s t  is to estimate the history and variation of stress and s tra in  
for one or more elements of soil in the actual f ie ld  construction.
The second is to use soil tes ts , laboratory or in s itu ,  and analytical  
methods that approximate the f ie ld  stress and strain conditions before, 
during, and a f te r  construction. In the laboratory the t r ia x ia l  cell 
affords the largest amount of f l e x ib i l i t y  for applying d if fe re n t  
stress paths, in spite of there being only a choice of t r ia x ia l  
compression or extension with the cell pressure remaining constant, 
or changes in cell pressure with constant vertica l load (Lambe, 1967). 
Field stress paths are only approximated in these tests and i t  would 
improve the results i f  the actual f ie ld  stress path were applied to 
a tes t specimen.
1 .8 .3  Prediction of Stress Paths
The prediction of the applied f ie ld  stress path is d i f f i c u l t ,  
and reliance is placed upon a simple analytical technique using the 
in s itu  stress state and the construction loading (Lambe, 1967).
I t  is essential that the in s itu  state of stress of the modelled sample 
is known, and the construction sequence is well understood. Knowing 
the construction sequence i t  is possible to estimate modes of fa i lu re  
and f in a l stress leve ls , supplying enough data to estimate other 
points along the stress path. What is required is the instrumentation 
of constructions to compare the actual f ie ld  stress path experienced 
with the predicted stress paths. I t  may then be possible to 
assess reasonably the f ie ld  stress path of any construction using 
comparative data.
1 .8 .4  Use o f S tress Paths
The stress path method suggested by Lambe (1964) is a rational 
approach to establishing a better degree of sim ilitude between 
laboratory and f ie ld  ground movements, and has been successfully 
used to predict settlements (Moore and Spencer, 1969; Simons and 
Som, 1970; Simons, 1971; P i le ,  1978).
Generally, the results obtained for predicting settlements 
using stress path methods compared to Terzaghis1 one-dimensional 
method were superior. Moore and Spencer (1969) and Pile (1978) also 
compared a method for three-dimensional consolidation proposed by 
Davis and Poulos (1963) with these methods and found the results to 
be better. S im ilarly  Simons and Som (1970) and Simons (1971) 
performed a comparison between three types of settlement analyses upon 
London clay; a conventional e la s tic  analysis, the Skempton Bjerrum 
method, and the stress path method. They concluded that the stress 
path method represented an improvement on the conventional method and 
Skempton-Bjerrum's procedure, but i t  suffered from the practical 
disadvantage of sophisticated,time consuming,and expensive laboratory  
techniques that were required.
1.9 Conclusions
I t  has been established that experience has provided many computer 
models which adequately simulate the construction sequence and 
subsequent loadings, and the stress stra in  relationships fo r  a soil 
(Kondner and Zelasko, 1963; Duncan and Chang, 1970; Cole and Burland, 1972;
Kulhawy and Duncan, 1972; Chandrasekaran and King, 1974; Stroh and 
Breth, 1976; Desai and Christian, 1977). I t  has also been established 
that the correlation between predicted and observed ground movements 
using these analytical models is often poor (Ward, 1971).
The evidence presented suggests that the d isparity  between 
predicted and observed ground movements can be attributed  to the poor 
quality  of soil data used in the computer models (Murphy et a l , 1975).
Each of the methods described fo r  determining appropriate deformation 
moduli have inherent errors which a ffec t the deformation moduli 
obtained. Precedent and back-analysis cannot be confidently used i f  
the observed and proposed constructions are dissim ilar and th e ir  
respective sites distant because of the differences in the applied 
construction stress paths and soil conditions. In s itu  tes ts ,  
although performed on the actual s ite  of the proposed construction are 
re la t iv e ly  uncommon and expensive.
The d isparities  which may arise between laboratory and f ie ld  
determined deformation moduli has been established (Cole and Burland,
1972; Marsland, 1973; Atkinson, 1974), whereby the use of laboratory  
determined moduli may supply values of deformation moduli up to an 
order of magnitude in error from the f ie ld  values of deformation 
moduli (Burland and Lord, 1969).
The evidence presented suggests that the l ik e ly  causes fo r  the 
d isparities  are the tested specimen being unrepresentative of the soil 
mass, the e ffec t  of sampling disturbance upon the test specimen, and 
the lack of s im ilitude between the laboratory and f ie ld  loading conditions.
The e ffec t of sampling disturbance has been shown to be composed pf an 
avoidable mechanical disturbance (Ward et a l , 1959; Raymond et a l , 1971) 
and an unavoidable stress r e l ie f  disturbance (Skempton and Sowa, 1963; 
Davis and Poulos, 1967), both of which have been shown to change the 
natural structure and fabric  of the sampled s o i l ,  consequently a lte r ing  
its  stress-stra in  characteristics (Rowe, 1971, 1972). A consideration 
of the stress paths experienced by the in situ soil anct the sampled 
laboratory test specimen i l lu s tra te s  the marked difference in stress 
history between them, and yet the deformation moduli obtained from 
the laboratory test are expected to be representative of those in s itu ,  
even though re l ia b le  evidence exists indicating soil is a highly 
stress path dependent material (Karst e t a l , 1965; Breth et a l , 1973).
At present the methods for estimating a f ie ld  stress path are 
lim ited because the stress ratios of the horizontal and vertica l  
e ffec tive  stress are estimated between the l im i t  states of the active  
and passive earth pressures (Lambe, 1967). In r e a l i ty  the stress ra t io  
that exists during a construction sequence or subsequent loading can 
be any value depending on the la te ra l ground movements allowed. There 
is therefore, a clear need to obtain better f ie ld  data of the applied 
stress paths ratios during and a f te r  a construction sequence. The 
improvement of predictions using the stress path method of analysis 
for settlements has been shown by Simons (1971) and Pile (1978).
F in a l ly ,  attention has been drawn to the necessity fo r  knowing 
the in s itu  state of stress within a soil mass for predicting possible 
applied stress paths (Lambe, 1967). Moreover, i t  has been suggested
that better deformation moduli can be obtained from the conventional 
laboratory t r ia x ia l  tes t provided each tes t is carried out from the 
in s itu  state of e ffec tive  stress (Atkinson, 1975). Factors which 
a ffe c t  the value of the in situ state of stress and laboratory methods 
for determining the in s itu  state of e ffec tive  stress w i l l  be considered 
in depth in Chapter 2.
CHAPTER 2
2.0 The Coeffic ient of Earth Pressure at Rest, K0
2 .1  Introduction -
The coeff ic ien t of earth pressure at re s t , K0 , is by de fin it io n  
the ra t io  between the horizontal and vertica l e ffective  stresses when 
no la te ra l s tra in  occurs. I t  is important that K0 is known fo r  a soil 
because i t  defines the normally unknown and indeterminate horizontal 
effec tive  stress in terms of the normally known vertica l e ffective  
stress. I t  is therefore a convenient shorthand way of defining the 
in s itu  state of e ffec tive  stress.
Three conditions of earth pressure may be well defined. These 
conditions are the "Rankine Active", "Rankine Passive", and "At Rest" 
states. Consider an element of soil adjacent to a retaining wall 
which is able to deflect away from, or into the soil mass. I f  the 
retaining wall moved towards the soil mass the soil element would 
f a i l  u ltim ately  and the Rankine passive la te ra l pressure would be 
imposed upon the wall. S im ilarly  i f  the retaining wall moved away 
from the soil mass the soil element would f a i l  u ltim ately and the 
Rankine active la te ra l pressure would be imposed upon the w a ll. The 
active and passive la te ra l pressures re fe r therefore to two d if fe re n t  
ultimate fa i lu re  states which can be defined from the Mohr-Coulomb 
fa i lu re  c r ite r io n . At an intermediate point between the active and
passive states a state exists where the la te ra l earth pressure is
1 \ t
exerted under a condition of no la te ra l deformation. This state is
known as the la te ra l earth pressure at rest. In this state the ra tio  
of horizontal to vertica l e ffec tive  stresses is termed K0.
Knowledge of the in situ  state of e ffec tive  stress is important 
fo r  the rational geotechnical design of a construction. For example, 
in the past, foundation engineers have re lied  upon the yield ing of an 
earth -reta in ing wall to in i t ia te  the active earth pressure which was 
then used in design. I f  the designed retaining wall was too r ig id  and 
i t  did not de flec t, the applied la te ra l earth pressure would be 
greater than the active earth pressure assumed in the design, which may 
a ffec t  the in te g r ity  of the structure causing unacceptable deformations 
and structural damage. Some recent constructions such as c ircu la r  
underground car parks are formed by the diaphragm wall technique which 
allows l i t t l e  movement of the soil behind the construction. In th is  
case the at rest la te ra l pressure may well be applied to the 
construction. In practice however, the passive la te ra l earth pressure 
was sometimes assumed to be resisted by the construction which may 
produce a conservative, expensive design.
The need for the knowledge of a re l ia b le  value of the in s itu  
e ffec tive  stress when using analytical methods has been demonstrated 
by Lo and Lee (1973). They i l lu s tra te d  the s ign ificant e ffec t of the 
in s itu  state of e ffec tive  stress upon a f in i t e  element approach to 
fa i lu re  in a slope of strain softening m ateria l. In laboratory tests  
i t  has been shown that the stress-stra in  characteristics of clays 
simulate the f ie ld  condition more closely when tested from the in 
situ  state of e ffec tive  stress (Davis and Poulos, 1967; Atkinson, 1975).
Also predicting the applied stress path in the f ie ld  condition is made 
s ig n if ican tly  more re a l is t ic  when the path begins from the in s itu  state 
of effective  stress; consequently improved soil behaviour characteristics  
w ill  resu lt (Lambe, 1967).
2.2 Definitions of Kn
There are three main ways in which soil is naturally  deposited: 
by wind, glaciers and water. Wind action forms soils known as loess, 
which are normally topsoils. Glacial action scours and mixes the 
soils and rocks beneath a g lacier during i ts  movement across the land, 
forming Boulder clays or Glacial t i l l s .  Water is the most common 
agent fo r  forming sands and clays by depositing the partic les  in seas, 
lakes, or rivers (e .g . London clay, Ripley sand). Because the area of 
deposition is normally large the loading is termed "global loading".
Under the condition of global loading two elements of soil next to 
each other experience the same vertica l load. They cannot deform 
la te r a l ly  because the neighbouring soil element is attempting to do 
the same and therefore the soil consolidates under the Ko condition 
of no la te ra l s tra in . Variations during soil deposition can a r ise ,  
for example any tectonic movement w i l l  a ffec t the la te ra l stresses 
within the soil mass. The majority of soils are superfic ial and the 
p o ss ib ility  of s ign ificant tectonic movements occurring subsequent to 
deposition is probably small.
The f i r s t  person to define the coeffic ien t of Earth Pressure at  
Rest was a German named Donath. In 1891 he defined K0 as:
"The ra t io  between the horizontal and vertica l earth 
pressures resulting in a soil from the application of a 
vertica l load under no la te ra l deformation."
This d e fin it io n  held until the principle of e ffec t ive  stress 
was fu l ly  understood. Then in 1958 Bishop re-defined :^ K0 as:
"The Coeffic ient of Earth Pressure at Rest, is  the ra tio  
between the la te ra l and vertica l e ffec tive  stresses in-a  
soil consolidated under conditions of no la te ra l s tra in ."
In 1964 Andrawes reasoned that i t  did not seem rational to 
extend K0 to dessicated or over-consolidated soils because the ra tio  
horizontal e ffec tive  stress to the vertica l e ffec tive  stress is 
l inear for normally consolidated clays only. He then proposed the 
following de fin it io n :
"The Coeffic ient of Earth Pressure at Rest is the ra tio  of 
the increment in minor principal e ffec tive  stress to the 
corresponding increase in major principal e ffec tive  stress, 
when no s tra in  occurs in the direction of the minor 
principal stress."
Mathematically these three defin itions may be expressed as 
follows:
a m
Donath (1891) K0 = —  (2 .1)
Bishop (1958) (2 .2 )
Andrawes (1964) (2 .3)
where aH is the horizontal to ta l stress
aH' is the horizontal e ffective  stress
° v  is  the vertica l to ta l stress
V  is the vertica l e ffective  stress
u is the pore water pressure
For normally consolidated soils  Kq w i l l  be identical to T 0> For 
over-consolidated soils however9 KQ can be considerably d if fe re n t  
from 1<0 . A more rational approach for over-consolidated soils would 
be to use KQ to define the in s itu  state of e ffec tive  stress and 
to express the change in horizontal e ffec tive  stress fo r  a given 
change in vert ica l e ffec tive  stress.
2.3 Parameters Which Influence Kn
Terzaghi (1917) concluded that the value of K0 was not 
determinate by mathematical formulation because of i ts  complex 
dependence on numerous parameters (e.g. porosity, p la s t ic i ty  index, 
over-consolidation ra t io  e tc . ) .
2.3.1 Stress History and Stress Level
Three simple types of stress states which resu lt from stress 
history may be expressed in terms of consolidation. These types are: 
‘'normally consolidated young" so ils ;  "normally consolidated aged" 
soils ; and "over-consolidated" soils (Bjerrum, 1973). A normally 
consolidated young soil is a soil which has recently b§en deposited 
and come to equilibrium under i ts  own weight. The soil has therefore  
not experienced any s ign ificant secondary consolidation. I f  a 
normally consolidated young soil is l e f t  under a constant vertica l  
stress for a period of time i t  w i l l  continue to s e tt le . The resu lt  
of this secondary consolidation is a more stable structural arrangement, 
and is termed a normally consolidated aged s o il .  An over-consolidated 
soil is a soil which at some time has been subjected to a vertica l 
load greater than i ts  e ffective  overburden stress. This decrease in 
overburden pressure may be the result of surface erosion, the melting 
of an ice sheet, or a raising of the ground water table (Parry, 1968).
The nature of KQ in normally consolidated granular and cohesive 
soils has been studied by many investigators (Gersovanoff, 1936; 
Kjellmann, 1936; Brooker and Ireland, 1965; Som, 1970; Saglamer, 1975; 
Abdelhamid and Krizek, 1976). A typical relationship between the 
vertica l and horizontal e ffec tive  stress during loading and unloading 
is presented in Figure 2.1. Upon loading the relationship is l in e a r ,  
while on unloading the change in horizontal e ffec tive  stress lags 
behind the change in vertica l e ffective  stress and produces the 
fa m ilia r  hysteresis curve. Typical values fo r normally consolidated 
sands and clays are presented in tables 2.1 and 2.2 respectively.
oo
cn
oo
CD
oo
oo
CD
O
O
ID
O
O
oo
oo
oo
CO
oo ooo
ID
oo
CM
O
O
O
CL
cn
cn
CDL_
V )
CD
>
•
u
0 )
q;
o
u
£
(D j>j)  ssa j}s  eA ipa jje  p ju o zu o h
CD
>
-+—• 
U
*. t—
LU
"O—* c
O a<J CD
XL > *
CD
CL
c  i r
o
i—
■5■4" ^ O**—
C
9 O)N
t c
O XJ
X a0
c c
CD 3
CD
T>
CD C
00 O
CL cn
1c c
cn 73
c O
0 O
°4—> _J
CD O)
X C' L_
D
D  Q
O
*CL
> , cnCDL_
<  LO
r - ’
CM
d)
During f i r s t  time or v irg in  consolidation the value of K0 remains 
approximately constant; the value varies a l i t t l e  because i n i t i a l l y  a 
test specimen has a non-zero isotropic e ffective  stress imposed.
The value of K0 however, varies s ign if ican tly  during the unloading 
sequence and is higher than^for the same vertica l e ffec tive  stress on 
loading. The relationship between the vertica l and horizontal 
e ffec tive  stresses during a reloading cycle on sand is presented in 
Figure 2 .2 . Upon reloading a d if fe ren t loading path is experienced 
until the v irg in  loading stress path is crossed at some stress below 
the previous maximum vertica l e ffec tive  stress. Thereafter, the 
stress path followed is approximately that of the virg in  consolidation. 
Simons and Som (1970) observed almost the same behaviour fo r  
undisturbed London clay, except that the reloading stress path did not 
cross the v irg in  loading stress path un til the previous maximum 
vertica l e ffec tive  stress was achieved.
For over-consolidated clay soils i t  has been established that
K0 varies with the degree of over-consolidation (Brooker and Ire land,
1965). Figure 2.3 i l lu s tra te s  the relationship of KQ to the
over-consolidation ra tio  for the Goose Lake f lo u r .  The value of
Kq increased with an increasing over-consolidation ra t io ,  f in a l ly
becoming asymptotic to the line  representing the coeff ic ien t of
passive earth pressure, Kp. Brooker and Ireland recorded the same
character!sties for several clays tests (e .g. London clay, Weald clay,
Bearpaw shale). The variation of "K with, vertica l e ffec tive  stress
for undisturbed London clay was observed by Som (1970) (Figure 2 .4 ) .
I t  is*, interesting to note that two d is t in c t  values of IT resulted on  ^ o
e ither side of the vertica l e ffective  stress of 100 p .s . i .  Figure 2.5
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Fig.2.5. The Variation in Ko with Vertical 
Effective Stress ( after Som, 1970)
presents the values of KQ evaluated during unloading from the same data 
as that used to form Figure 2.4. I n i t i a l l y  the value of K0 is very 
high but quickly reduces to a re la t iv e ly  constant value of 0 .55, at  
the c r i t ic a l  point of the vert ica l e ffec tive  stress of 100 p .s . i .
Similar characteristics of the variation of KQ and T£ during loading 
and reloading were observed by Abdelhamid and Krizek (1976), who 
performed tests on a flocculated kaolin.
I t  is clear that there is a marked difference between KQ and 
"Ko fo r  over-consolidated soil hence the value of KQ is s ig n if ic a n tly  
affected by stress history.
2 .3 .2  Angle of Shearing Resistance, 0'
The e ffec t of the angle of shearing resistance, 0' upon K Q  has 
been studied by Hendron (1963), Brooker and Ireland (1965), and 
Saglamer (1975). The general behaviour fo r  normally consolidated soils  
is a decrease in the value of KQ for an increase in 0 ‘ . The 
relationship fo r  sands is presented in Figure 2 .6 ,  where the data hav^ 
been extracted from the studies of Bishop and El din (1963). A 
sim ilar relationship for clays was observed by Brooker and Ireland (1965) 
(Figure 2 .6 ) .
Notq: The over-consolidation ra t io  (O.C.R.) is the ra t io  of the maximum 
vertica l e ffec tive  stress imposed at any time, to the e ffec t ive  
vertica l stress at the present time, and may be expressed as:
(From data by Bishop and Eldin,1963)
Sand
0-3 -
0-2
38
0' (degrees)
Normally consolidated clay
0 - 6
0-3
23
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Fig.2.6. The Variation in Ko with 0' (after 
Brooker and Ireland, 1965 )
For over-consolidated clays the relationship between K0 and 0' 
has been investigated by Hendron (1963). Typical results are 
presented in Figure 2.7. For a particu lar over-consolidation ra t io  
the value of KQ increases to a peak value at approximately 20 degrees, 
thereafter decreasing in a manner similar to normally consolidated 
s o i ls .  Moreover, the amount the value of K ■■■increases for the low 
values of the angle of shearing resistance is more s ign if ican t for  
high over-consolidation ra tios . Saglamer (1975) observed on reloading 
sand specimens the value of KQ was lower than the f i r s t  loading, 
however the overall trend of K -with respect to 0 ‘ was s im ilar to that  
for normally consolidated sands.
2 .3 .3  P la s t ic ity  Index
Bishop (1958) tested a number of remoulded and undisturbed 
samples of clay and concluded that there was no simple correlation  
between KQ and the p la s t ic i ty  index (Ip%).
A typical relationship of an increase in the value of KQ for  
an increase in the p la s t ic ity  index was observed by Hendron (1963) 
and Brooker and Ireland (1965) (Figure 2 .8 ) .
For over-consolidated clays the variation in KQ with p la s t ic i ty  
index fo r  particu lar over-consolidation ra tio  was observed by 
Brooker and Ireland (1965). From the data presented in Figure 2.9  
i t  is evident that soils with a medium value of p la s t ic i ty  index, fo r  
a given over-consolidation ra t io ,  possess maximum values of KQ. The 
basic trend of behaviour between K0 and p la s t ic i ty  index fo r changing
2-5 r
O.C.R.= 10-5 -
10 25
Angle of shearing resistance d>'( degrees)
Fig. 2.7. The Variation in Ko with 0' for Different 
Values of Overconsolidation Ratio 
( a fter Hendron, 1963 )
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Fig.2.8. The Relationship Between Ko and Plasticity 
Index for Normally Consolidated Clays 
( after Brooker and Ireland, 1965.)
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Fig. 2.9. The Relationship Between and Plasticity 
Index for a Particular Overconsolidation Ratio 
(a fte r  Brooker and Ire land, 1965 )
over-consolidation ratios is very sim ilar between K Q  and 0' for  changing 
over-consolidation ra tios . This indicates that there is a relationship  
between the p la s t ic i ty  index and the angle of shearing resistance, which 
is supported by the findings of Kenney (1959) who produced a linear  
relationship between the p la s t ic i ty  index and 0 ' .
2 .3 .4  Consolidation
When load is applied to a soil i t  produces a load-induced 
settlement which a lte rs  the original structure of the soil and influences 
the value of KQ. The degree of settlement produced is dependent upon 
soil porosity, load in ten s ity , permeability, packing arrangement, and 
degree of over-consolidation.
The consolidation process is composed of two parts; primary and 
secondary consolidation. Primary consolidation involves the dissipation  
of pore pressures. Secondary consolidation is associated more with 
chemical e ffec ts , cementation, and e le c tro ly t ic  changes in the pore 
water without any change in the pore water pressure. I t  has been 
established (Som, 1970) that KQ is constant during primary consolidation, 
while the la te ra l pressure changes (Figure 2 .10 ). In an oedometer, 
which imposes the KQ condition of no la te ra l s tra in  at a l l  times, a 
change in the vertica l to ta l stress is accompanied by an identical 
change in pore water pressure, thus the vertica l e ffec tive  stress 
remains unchanged and no deformation occurs. In the horizontal d irection  
there is no deformation of the soil because i t  is restrained by the 
oedometer r ing , accordingly by the principle of e ffec tive  stress i f  
no deformation occurs the e ffec tive  stress must be unchanged, therefore
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Fig. 2.10. The Variation in Lateral Stress with 
Time for Clay ( after Som, 1970 )
the horizontal e ffective  stress remains constant before and a f te r  the 
application of the vertica l load. The instant a f te r  application of 
the vert ica l load the horizontal to ta l stress increases to maintain 
a constant horizontal e ffec tive  stress, because the pore water pressure 
has increased. With time the excess pore water pressure dissipates 
increasing the vertica l e ffec tive  stress, consequently increasing the 
horizontal e ffec tive  stress. The change in pore water" pressure during 
consolidation is greater than the change in horizontal e ffec tive  
stress required to ensure the K0 condition of no la te ra l deformation 
is maintained. A fter  consolidation therefore, the horizontal pressure 
exerted by the specimen on the oedometer ring is a lower value than 
that which was exerted immediately a fte r  loading, but at a higher 
value to that which existed prior to loading.
I t  has been observed from tests performed upon Dhanauri clay 
(Narain et a l , 1969) that during secondary consolidation the value of 
K q  increased by a small amount. This resu lt was supported by the 
findings of Thompson (1963) and Stroganov (1963), but contrasts with 
the findings of Bishop (1958) who observed that during secondary 
consolidation the value of KQ decreased, while for Yarmouth clay 
there was no change in KQ.
2.3 .5  Pore Water Pressure
Using the d e fin it io n  of-K6 -in terms of e ffective  stress i t  may 
be seen that the value of the pore water pressure d ire c t ly  affects the 
value of Kq.
Rearranging equation 2.2 becomes
K„ = 1 + (°H ”  °v^  ( 2 . 4 )
T ^ r r r
where-ay is the vertica l to ta l stress 
is the horizontal to ta l stress 
u is the pore water'pressure
I f  the pore water pressure is not known accurately i t  may 
a ffec t s ign if ican tly  the computed value of KQ. In the f ie ld  the
soil may be subjected to seasonal or other variations in the ground water
table , d ire c t ly  affecting the pore water pressure, thus the in situ  
value of K0 may vary (Parry, 1968).
Using equation 2.4 i t  is easily  demonstrated for normally or 
l ig h t ly  over-consolidated soils where KQ is less than unity a fa ls e ,  
high value of pore water pressure w i l l  produce a lower value of K0
in the f ie ld .  S im ilarly  fo r  over-consolidated so ils , where KQ is higher
than unity a fa ls e ly  high value of the pore water pressure w i l l  produce 
a higher value of KQ than exists in the f ie ld .
2 .3 .6  Other Factors Affecting the Value of Kn
The variation of K0 with density for normally consolidated sands 
was observed by Hsu-Chi-In (1958). A decrease in KQ was found to 
occur as the re la t iv e  density decreased (Figure 2 .1 1 ) ,an e ffec t which
i
was also observed by Andrawes and El-Sohby (1973) for normally
Note-. Relative density = emax-  e
Qmax  ~  Gmin
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Fig. 2. 11. The Relationship Between Ko and 
Relative Density for Sand 
(a fte r H su-C hi - In , 1958 )
consolidated s ilv e r  sand.
Schmidt (1967) observed an increase in the value of in i t ia l  
porosity is accompanied by an increase in the value of K0> S im ilarly  
an increase in the value of, KQ resulting from an increase in the 
i n i t i a l  porosity of a test specimen was observed by Hsu-Chi-In 
(1958).
Increasing the e la s t ic i ty  of the soil partic les was found to 
increase the value of K0 (Andrawes and El-Sohby, 1973). Experiments 
investigating the e ffec t of the partic les shape on K0 indicate that 
the more rounded the partic les the lower the value of K0 
(Hendron, 1963). These parameters are d i f f i c u l t  to quantify and 
are probably not s ign ificant in the f in a l determination of Kq .
I t  is suggested that the value of K0 is also affected by the 
organic content (Tschebotarioff, 1968), p a rt ic le  texture, and hardness 
(Andrawes and El-Sohby, 1973) however, the way in which these 
parameters a ffec t the value of K0 has not been determined.
2.4 Empirical Relationships
2.4.1 Normally Consolidated Soils
During one dimensional normal consolidation the e ffec tive  
stresses are in a constant proportion, K0 . For normally 
consolidated soils Jaky (1944) derived a theoretical relationship to
i
re la te  KQ to . the angle of shearing resistance, 0 ' ,  as follows:
Kn = 0  + 2fs Sin 0 ' )  (1 - Sin 0 ' )
(T *  "STn 0 1') (2 .5)
There have been numerous other approximations proposed to replace 
Jaky's orig inal expression, such as:
Fraser (1957) K0 = 0.9 (1-Sin 0 ' )  (2 .6 )
Brooker & Ireland Kg = 0.95 - Sin 0 1 (2 .7 )
(1965)
de Wet (1962) k0 = .1 .~-sAnl - g'—  (2-8)
1 + 2  Sin2 0'
Siedeck K? = 0.75 (1 -  Sin 0 ' )  + 0.25 (2 .9 )
(1 + Sin 0 ')
Probably the most widely used expression is a further equation proposed 
by Jaky (1948):
K0 = 1 - Sin 0' (2.10)
Hendron (1963) derived an a lternative  theoretical expression based on 
the idealised packing of spheres, as follows:
1 + j/6 - 3/6 Sin 0'
K? “ 8 8 (2.11)
1 + /6  + 3/6 Sin 0'
which reduces to:
„ _ 1.42 - Sin 0
Kq ~
1.42 + Sin 0
( 2 . 12)
Most of the empirical expressions mentioned are plotted together in 
Figure 2.12. I t  is apparent that there is l i t t l e  difference between 
any of the expressions, considering the errors involved in determining 
the angle of shearing resistance, and the general spread of typical 
results . Brooker and Ireland (1965) suggest that th e ir  approximation 
is better suited to clays and Jaky's expression more suitable for  
sands. Each expression is presented in Figure 2.13 together with the 
data from Tables 2.1 and 2.2.
A useful empirical relationship between KQ and the p la s t ic i ty  
index for normally consolidated clays was proposed by Alpan (1967):
This relationship is superimposed on the data of Brooker and 
Ireland given in Figure 2 .8 , c learly  there is reasonable agreement 
between the two lines. S im ilarly  the data presented in Table 2.2 are. 
compared with Alpan's expression in Figure 2.14. Reasonable agreement 
exists between K0 and p la s t ic i ty  index for low values of p la s t ic i ty  
index.
K0 = 0.19 + 0.233 log10 (Ip%) (2.13)
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2.4 .2  Over-Consol idated Soi ls
The solution to the problem of devising a simple approximate 
expression to evaluate the value of KQ on the rebound portion of the 
hysteresis curve has 'eludedMnost investigators. Alpan (1967) and 
Schmidt (1967) however, independently proposed the following 
relationship for both sands and clays:
Ko m— --------------  = (O.C.R.) (2.14)
K0 (N .C .)
where K0 (O.C.) is the over-consolidated value of K0
K0 (N.C.) is the normally consolidated value of K0
(O.C.R.) is the over-consolidation ra tio
m is an empirically determined exponent.
For sands the published values fo r  the exponent m is as follows:
m = 0.4 -  0.5 (Alpan, 1967)
m = 0.3 - 0.5 (Schmidt, 1967)
Sim ilarly, published values for clays are:
m = 0.3 - 0.5
m = 0.4 -  0.55
(Alpan, 1967) 
(Schmidt, 1967)
The value of m for sands and clays has been related to the angle of 
shearing resistance by both authors. Schmidt proposed the following 
simple expression:
fo r  clay m = 1 - 1.2 Sin 0 (2.15)
(2.16)for sand m = 1 -  Sin 0
For clays Alpan proposed a s im ilar simple expression re la ting  m to 
the p la s t ic i ty  index:
The use of equation 2.14 appears to produce reasonable results for  
both sands and clays as reported by Alpan and Schmidt. The close 
agreement between the observed values for rebound K and the predicted 
value using equations 2.14 and 2.17 is presented in Figure 2.15. The 
data used were obtained by Som (1970) from tests on undisturbed London 
clay. Using P la s t ic ity  Index to evaluate the parameter i t  appears to 
y ie ld  a better correlation between the observed and predicted values of 
rebound KQ (Figure 2 .15).
Meyerhof (1976) has suggested a further s im plification fo r  the 
evaluation of KQ:
Ip% = - 281 log (1.85m) (2.17)
K0 = (1 - Sin 0 ' )  /(O .C .R .) (2 .18)
Bearing in mind inaccuracies resulting from the measurement of the angle
I
of shearing resistance and the value of the over-consolidation r a t io ,
SCM1D> (135 i . i n =0^  57)r
i
>
. MEYER!OF (1375)
y x  ^
^ < 
* *
r ^
<
ALPAN. (1957), (ii=R, 15)
--------^
>
^ -------
10 II
Overconsolidation Ratio (data after SOM, 1970)
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th is expression may be adequate for most purposes. This expression 
has been superimposed on Figure 2.15, i t  can be seen to be approximately 
midway between A1pan's and Schmidt's equations.
An a lte rnative -theore tica l approach has been suggested by Wroth 
(1975), who derived the following expression fo r  l ig h t ly  over­
consolidated clays:
Kq = (O.C.R.) (1 -  Sin 0 ' )  -  y' (O.C.R. - 1) (2.19)
1 -  y'
A value fo r  Poissons Ratio is required in order to use the above 
equation, which Wroth (1975) has published re la ting  Poissons Ratio to 
p la s t ic i ty  index.
For heavily over-consolidated s o ils , where the over-consolidation  
ra tio  exceeds 5 Wroth has suggested a more complex relationship:
_3 (1 -  Kn _C i ) .  3 . ( 1  -  Kq )
= l o 9 p
"(O.C.R.) (1 + 2 ^ C i )
J + 2 K N.C. 1 + 2  Ko_
C
1 + 2 K0
where  ^ is the equivalent value of KQ for normal consolidation 
( i . e .  K0 = 1 - Sin 0 ' )  
m is the inverse slope of the swelling line  plotted as 
stress ra tio  q /p ' against log 0'
Wroth's expressions have been used for Boston Blue clay using values
i
quoted by Ladd (1965). Figure 2.16 i l lu s tra te s  the good agreement
 Computed using equation 2.19.
—— Computed using equation 2.20.
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2.16. A Comparison of Computed and 
Experimental Data for Boston 
Blue Clay ( after Wroth, 1975 )
between the observed and predicted data.
2.5 Laboratory Methods fo r  Determining the Value of K n
The following w i l l  describe the mechanical devices and testing  
techniques developed by various investigators to determine the 
c oeff ic ien t of earth pressure a t rest.
2.5.1 Terzaghi (1920)
The f i r s t  apparatus spe c if ica lly  designed to evaluate K0 was 
developed by Terzaghi (1920). I t  consisted of a square, s t i f f  steel 
frame. One inside face was provided with three horizontal steel 
tapes, both outer tapes were fixed , acting as guides for a moveable 
inner tape. The horizontal force required to move the inner tape was 
supplied by adead-weight system connected to the tape by a cord.
The opposite end of the inner tape was connected to a simple lever 
system which amplified any movement of the tape. A simple loading 
frame within the square frame supplied the vertica l consolidation 
pressures.
The method of testing was to place a test specimen of soil into  
the frame, separating the specimen and tapes with graphite paper 
which prevented the tapes from sticking. The specimen was then • 
consolidated in the normal way. Weights were then carefu lly  added 
until the tape ju s t moved as indicated by the lever arm system, and 
the f in a l weight noted. By performing the tes t with the tapes in a
perpendicular d irection , the value of KQ was computed from the known 
weights and the co e ff ic ien t of f r ic t io n  of the tapes.
The results obtained from the tests performed on a variety  of 
sands varied s ig n if ica n tly  from the values predicted by contemporary 
theory. For sands Rankine's and Rebhann's methods calculated the 
value of K0 to be 0.27 and 0.22 respectively, comparecf with 0.42 
deduced by Terzaghi. The apparatus favours granular material because 
of the ease of sample preparation. Tests have been performed however, 
on remoulded clays yield ing values of KQ in the range of 0.6 to 0.75.
2*5.2 Gersevanoff (1936)
A special type of oedometer was developed by Gersevanoff 
(1936) to evaluate K0 . The major difference between Gersevanoff's 
device and a conventional oedometer is that the sample is restrained  
la te r a l ly  by water instead of the normal brass ring. I t  was thus 
possible to measure the la te ra l stresses imposed on a te s t specimen.
In addition the s ign ificant effects of side f r ic t io n  and vertica l  
shear were minimised.
The apparatus consisted of a brass cylinder which has. a "C" 
shaped wall section and an internal diameter s l ig h t ly  greater than 
the 39mm diameter t r ia x ia l  test specimen i t  accommodated. Water 
f i l l e d  the space enclosed by the wall and the test specimen's surrounding 
rubber membrane. A gauge tapped into the cylinder wall was used to 
measure the la te ra l stresses applied to the te s t specimen. The te s t  
specimen rested between a porous plate and a top cap and porous p late .
The complete assembly was then immersed in water, Vertical loads 
were applied using a simple loading frame.
The method of operation was to apply a load increment and 
record the resulting horizontal stress, thus K0 can be computed. An 
important consideration was that the volume of water contained within  
the cylinder remained constant, and therefore, there w i l l  be no la te ra l  
s tra in . The condition of no la te ra l strain  was not s t r ic t ly  enforced 
however, because a change in volume was required to record the la te ra l  
stress.
The device gave K0 fo r sands of 0.41 and clays of 0.62 to 
0.65. An apparatus using a similar principle as Gersevanoff's was 
developed by Hsu-Chi-In (1958), who reported results of K0 for loose 
and dense sands of 0.32 and 0.22 respectively.
2 .5 .3  Kjellman (1936)
The f i r s t  true t r ia x ia l  machinewas developed by Kjellman 
(1936). The principal feature of the apparatus was the f a c i l i t y  for  
ensuring a condition of no la te ra l stra in  and no vertica l shear.
At the centre of the apparatus was a 62mm cubical sample of 
s o il .  The side of each specimen was composed of 100 brass rods * 
normal to the face having a gap of 0.2mm between each other. Each 
rod had a plane face which touched the sample and a spherical end 
which touched a bearing plate. Principal normal stresses were 
applied by water tanks connected through lever systems and plungers
to the bearing plates. Each tank was calibrated d ire c t ly  for  
pressure applied to the specimen. A dial gauge measured the movement 
of the plunger which was connected to the te s t  specimen via the brass 
rods and bearing plate; hence the movement of the side of a specimen 
could be determined.
In order to introduce the tes t specimen into the apparatus 
the brass rods were held in a sheet steel frame to maintain th e ir  
position. I f  a test specimen was composed of partic les less than 
0.2mm in diameter, a rubber membrane was used to envelop the sample 
and prevent i t  squeezing out between brass rods. The method of 
operation was to apply a load in the vertica l direction un ti l the 
horizontal plunger moved. The horizontal pressures were then increased 
to return the dial gauge to its  in i t i a l  reading. This process was then 
repeated for each increment.
Using the apparatus in uniaxial compression the values of K0 
obtained fo r  sands varied between 0.5 and 1.5. Tests to determine 
K0 were also performed on the same material in oedometers. Comparing 
the results of K0 from both tes t methods, they proved to be inconsistent 
with each other. Kjellman concluded that this d isparity  in the 
results could be attributed to the side f r ic t io n  produced in the 
oedometer.
In a la te r  apparatus described by Kjellman and Oakobson (1955) 
a cylindrical tes t specimen enclosed by a series of steel rings 
separated by small gaps was used. In this way axial stra in  could 
occur without s ign if icant vertica l shear. Lateral y ie ld  was restr ic ted
to the e las tic  extension of the rings which was measured and enabled 
the la te ra l pressure to be found, hence KQ could be computed.
The use of both types of apparatus was lim ited to sand for the 
1936 apparatus and pebbles and crushed rock for the 1955 apparatus.
2 .5 .4  Binnie and Price (1941)
The apparatus developed by Binnie and Price (1941) is a fu rther  
ind irect method, s im ilar in principle to the device of Terzaghi (1920).
The body of the apparatus consisted of a vertica l 4" internal 
diameter brass pipe, with a horizontal branch pipe of equal internal 
diameter. Situated inside the horizontal branch pipe was a s lid ing  
f i t  piston. One end of the piston was curved to a 2" radius to f i t  
neatly into the vertica l pipe; the other end was plane with a 
c ircu lar groove, to accomodate a c ircu lar shaft. A pulley and dead­
weight system was connected to the shaft to measure the la te ra l  
pressure applied by the test specimen. Porous stones and brass plugs 
were situated above and below the test specimen in the vertica l pipe.
A simple lever arrangement applied the vertica l load through the 
upper brass plug. A la te r  modification for clays was a stand-pipe 
arrangement connected to the bottom porous disc to allow the test 
specimen to consolidate. Before and a f te r  each te s t ,  the la te ra l  
pressure measuring system was calibrated to minimise any f r ic t io n  
effec ts . This was achieved by f i l l i n g  the device with water and 
applying a pressure. The weight required to move the shaft for a 
given pressure, measured by a gauge tapped into the vertica l pipe,
was then known.
The principle of operation was to insert the te s t specimen and 
apply an incremental vertica l load. The horizontal pressure generated 
by this load pressedlupon the piston forcing i t  against the c ircu la r  
shaft. Weights were then added to the dead-weight system until  
the shaft ju s t  moved. Then, using the ca lib ra tion  chart and the 
observed loads a value fo r  K0 could be calculated.
The authors reported a value for K0 of 0.62 for tests on Blue 
Lias clay.
2 .5 .5  Hunter (1941)
An apparatus capable of d ire c t ly  measuring a value of KQ was 
developed by Hunter (1941).
The principal part of the apparatus was a r ig id  square box, 
one side of which was hinged at the jo in t  with the base plate.
Attached to the moveable side was a plunger which was connected to 
a large pointer, pulley, and dead-weight system. Lateral 
movements were magnified and indicated by the pointer, whilst the 
pulley and dead-weight system was used to apply a horizontal pressure,
A dead-weight loading frame was used to apply a vertica l load via a 
square platen to the tes t specimen.
' The test specimen was placed inside the square box, and an 
incremental vertica l load applied. This applied load forced the hinged
wall to move outwards as indicated by the pointer. The horizontal 
load was then slowly increased to return the pointer to its  null 
position. The values of the vertica l and horizontal pressures were 
then used to compute K0.
Interpreting the results of the vertica l and horizontal 
pressures obtained, a value fo r  K0 of 0.34 was deduced for a clay 
containing sand.
2 .5 .6  Zeevaert (1953)
A method for determining the value of K0 on undisturbed samples 
was suggested by Zeevaert (1953).
I t  is widely known how to estimate the pre-consolidation pressure 
of a soil using Casqgrande's method in a conventional oedometer. 
Zeevaert suggested using two identical tes t specimens in two oedometer 
tests . One test specimen was prepared from the normal vertica l  
direction , the other prepared from the horizontal d irection . He 
assumed the ra t io  of horizontal to vertica l pre-consolidation loads 
to be the value of K0 .
Using th is method on undisturbed samples of clayey s i l t  from 
Mexico City yielded values for K0 of 0.76 and 0.87 for depths of 
8m and 11m respectively.
2.5 .7  Bishop and Henkel (1957)
Probably the most popular method for determining K0 is that 
suggested by Bishop and Henkel (1957).
The apparatus necessary to perform a tes t is :  a conventional 
t r ia x ia l  c e l l ,  complete with back pressure and ce ll pressure systems; 
and a la te ra l s tra in  ca liper. . The caliper is a device which is 
attached to a sample at mid-section and across a diameter, indicating  
changes in diameter (Akai and Adachi, 1965).
The method of operation was to insert the tes t specimen into  
the t r ia x ia l  c e l l ,  f i t  the ca liper and prepare in the normal way fo r  
a drained te s t .  The rate of stra in  was set to minimise build-up of 
excess pore pressures, idea lly  the rate of pore pressure generation 
should equal the pore pressure dissipation ra te . The deviator 
stress was then increased, resulting in an increase in diameter.
This change in diameter was then corrected for by adjusting the 
cel 1 pressure.
This method is suitable for sands, but for clays manual operation 
is time-consuming and expensive. Therefore, the caliper can be used 
to automatically operate the cell pressure in the form of a closed 
loop (Narain, et a l , 1969; Menzies, 1977). Knowing the applied 
vertica l and horizontal stresses and pore water pressure K0 can be 
computed. General results reported for loose and dense sand were 
0.46 and 0.37 respectively, and 0.7 for London clay.
2.5 .8  Skempton (1961)
An ind irect method fo r  determining KQ using the suction within  
an undisturbed sample was developed by Skempton (1961) and subsequently 
used by several investigators (Bishop et a l s 1965; Knight and B light,  
1965).
From a theoretical approach an expression was derived which 
related K0 to the ca p il la ry  pressure in a sample, Pk, fo r  an over 
consolidated so il .
where P is the over-burden pressure
As is the pore pressure parameter A during sampling 
Pk is the cap il la ry  suction upon a sample
The three parameters, Pk, P, and As must therefore be obtained before 
Ko can be evaluated. The e ffec tive  over-burden pressure was 
determined by obtaining the density of the s o i l ,  and assuming the pore 
water pressure at that point. The value of Pk was determined by 
several methods; of which the best was found to be to apply a ce ll  
pressure under conditions of no volume change and measure the 
generated pore pressure. Thus, the resulting e ffec tive  stress was 
assumed equal to the cap il la ry  pore pressure. F ina lly  As was 
assumed constant with depth and evaluated in a special te s t  performed 
in the t r ia x ia l  c e l l .  I n i t i a l l y  the test specimen was consolidated 
anisotrop ically , then the deviator stress was reduced to an isotropic
(2 .21 )
le v e l,  whilst in the undrained mode. The resulting change in pore 
pressure was then used to estimate a value fo r  As, thus, from a 
knowledge of Pk/P the value of KQ can be computed for various depths.
Using this method Skempton obtained a p ro fi le  of K0 with depth 
for London clay at Bradwell. Typically  K0 varied from 2.2 at the 
surface to a maximum of 2.8 at a depth of 2 0 f t ,  reducing to 1.46 at  
11Oft. '
2 .5 .9  Davis and Poulos (1963)
A special type of t r ia x ia l  ce ll to f a c i l i t a t e  finding accurate 
values of K0 and deformation moduli was developed by Davis and Poulos 
(1963).
The apparatus can be considered in two main parts, a back-pressure 
system, and a ce ll water system. The back-pressure used remained 
constant throughout the test and at a s u ff ic ie n t ly  high value to 
ensure a l l  trapped a i r  remained in solution (Bishop and Henkel, 1957).
The ce ll itselfwas made en tire ly  of thick brass to ensure that i ts  
expansion under cell pressure was neglig ib le , also the loading ram was 
the same diameter as the test specimen contained within the c e l l .
The cell pressure was measured by a gauge which required a neglig ib le  
volume of water to record a pressure, and was tapped into the ce ll w a ll.  
Dead-weights were applied via a hanger to the loading ram to provide 
a vertica l load.
The philosophy of operation was sim ilar to that of Gersevanoff (1936).
An increment of vertica l load was applied which induces the sample to 
deform la te r a l ly .  Because the volume of sample plus loading ram was 
constant, the ce ll pressure increased to prevent the tes t specimen from 
deforming. The condition of no la te ra l strain was therefore imposed at  
a l l  times. When the excess pore pressure generated during loading had 
dissipated the horizontal and vertica l pressures were used to evaluate 
K0. A device using the same principles was developed By Campanella 
and Vaid (1972). Tests performed on remoulded specimens of kaolin 
yielded consistent results and estimated K0 to be approximately 0.51.
An important consideration when calculating the applied vertica l  
load was that an allowance must be made for the s ign ificant up-thrust 
caused by the diameter of the loading ram, because i t  was the same 
diameter as the tes t specimen.
2.5.10 Brooker and Ireland (1965)
Investigation of high over-consolidation ratios prompted the 
development of a high pressure c e l l ,  Brooker and Ireland (1965).
The ce ll was of the form of an oedometer, made of brass to 
res is t deformation at high pressures. The tes t specimen was placed 
into the ce ll between two porous bronze plates, which fa c i l i ta te d  
drainage. Vertical loads were applied by a loading frame through 
a loading head and load platen to the tes t specimen. The loading 
head was a cy lindrical steel tube on to which 16 strain gauges were 
attached to measure the applied load. To ensure that the load was 
transmitted evenly across the sample a thick loading platen was used.
The horizontal pressure was controlled by a steel membrane forming 
the inside of the c e l l .  One side of the steel membrane-touched the 
specimen, the other side was contained in a brass annulus containing oil  
under pressure. Strain gauges attached to the rear of the steel 
membrane detected any movements caused by the deforming te s t  specimen 
and controlled the o il  pressure using an electronic pressure un it.
The method of operation was to apply an incremental ve rt ica l  
load. Lateral deformations induced by th is loading were detected by 
the s tra in  gauges, which instructed the pressure units to increase the 
o il pressure. When no further drainage occurred a constant zero 
pore pressure was assumed and K0 could easily be computed from the 
applied load and o il pressure.
Some typical results for K0 for normally consolidated clays are 
presented in Table 2.2.
2.5.11 Som (1970)
A further variation of the oedometer for measuring K0 was used 
by Som (1970).
The oedometer ring used was a conventional brass r ing , however, 
stra in  gauges were f i t t e d  outside the oedometer ring to provide • 
measurement o f the la te ra l stress. The oedometer ring had 4 strain  
gauges connected to a fu l l  bridge c irc u it  with four dummy gauges, this  
gave readings independent of the ambient temperature. Prior to te s tin g ,  
the oedometer ring was calibrated with water pressure applied by a
standard dead-weight ca lib ra to r . Vertical loads were applied by a 
conventional loading platen and a Bishop type oedometer'press.
The specimens were tested in the normal way whereby an increment 
of vert ica l load was applied, and the consolidation assumed to be 
completed when no further vertica l deformation was observed a f te r  a 
specific time period. The current values of vertica l and horizontal 
pressures were then used to evaluate K0 .
The results of tests performed on undisturbed London clay in the 
normally consolidated range yielded values for K0 of approximately 0.64.
2.5.12 Poulos and Davis (1972)
An approach s im ilar in principle to that suggested by Zeevaert 
(1953) was developed by Poulos and Davis (1972) which enabled the 
in s itu  horizontal stress to be evaluated d ire c t ly .  The only apparatus 
required is a conventional t r ia x ia l  c e l l .
The tes t procedure was to place a tes t specimen in a t r ia x ia l  
cell and consolidate i t  in the normal way to the estimated in s itu  
vertica l e ffective  stress, at a l l  times ensuring that the horizontal 
stress was 0.35 or 0.4 times the vertica l stress. The test specimen 
was then subjected to a number of re la t iv e ly  small horizontal stress 
increments whilst keeping the vertica l stress constant. A su ff ic ie n t  
number of increments were executed to ensure that the f in a l  stress 
conditions were at least hydrostatic. After completion of the te s t  a 
plot was produced of moisture content or volume change versus horizontal
effec tive  stress. I f  the soil is normally consolidated a pronounced 
change in slope of th is  graph generally occurs in the v ic in ity  of the 
in situ horizontal stress. The value of this stress is then presumed 
to be the intersection of the two straight lines joining the two 
d is t in c t  portions of the graph. Knowing the horizontal stress the 
value of K0 can be calculated.
Using this procedure the results of K0 fo r  tests on several clays 
are presented in Table 2.2. I f  the soil is over-consolidated however, 
the moisture content versus horizontal e ffective  stress plot does not 
exhib it any s ign if ican t change in slope, therefore the method is lim ited  
to normally consolidated soils .
2.5.13 Andrawes and El-Sohby (1973)
A technique which involves the use of d if fe re n t  stress paths to 
determine Ko was developed by Andrawes and El-Sohby (1973).
The technique requires a t r ia x ia l  ce ll capable of applying 
stress paths of constant stress ra tio s , and two identical te s t  
specimens upon which to perform the tests. A d if fe re n t stress ra tio  
was applied to each sample: one is selected to allow the te s t  specimen 
to expand la te r a l ly ;  the other forces the test specimen to contract 
la te ra l ly .  Throughout each te s t  the axial and radial deformatiofis were 
monitored. The relationship between axial and radial s tra in  was then 
plotted on the same graph. By interpolation of the stress ra t io  for  
zero radial s tra in , the value of K0 can be computed.
Values of K0 fo r  tests performed on several granular materials  
are presented in Table 2.1.
An important consideration of this technique is that i t  is  
unnecessary to impose the condition of no la te ra l s tra in , therefore  
precluding errors resulting from this condition.
2.5.14 Chang et al (1977)
A further ind irect technique for evaluating Ko using conventional 
t r ia x ia l  test apparatus was suggested by Chang et al (1977).
An undisturbed tes t specimen was placed in a conventional t r ia x ia l  
cell and saturated with a selected back-pressure. Then an in i t i a l  
isotropic consolidation stress of about ha lf the estimated ve rt ica l  
overburden pressure was applied. A constant cell pressure was then 
maintained w hilst the deviator load was slowly increased. Throughout 
the tes t the vertica l deformation was monitored, and the value 
m ultiplied by the cross-sectional area to obtain a calculated volume 
change, aVc . Simultaneously the volume change measured by a
conventional device was noted, AVm. When aVc was equal to AVm i t  was
assumed that the la te ra l strain  of the test specimen was zero. Moreover, 
the ra tio  of ve rtica l to horizontal e ffec tive  stresses were assumed to 
be equal to those existing in s itu . •
Using th is  technique to evaluate K0 for the same clays used by
Poulos and Davis (1972), Chang et a l 1s results were found to be in good 
agreement with those of Poulos and Davis. To date this method has been
shown to  be usefu l fo r  norm ally consolida ted clays on ly .
2.6 Field Methods of Evaluating Kq
2.6.1 Design Considerations
The fundamental aim in designing a f ie ld  instrument to evaluate 
K0 is to measure the stresses which would exist at a point i f  the 
instrument were not present. Clearly the above aim is impossible to 
achieve in practice and compromises have to be made when designing 
such instruments. Some instruments are capable of measuring both 
the to ta l horizontal stress and pore water pressure simultaneously 
(Kenney, 1967; Wroth and Hughes, 1973); other methods use separate 
measuring devices (Baquelin et a l , 1972).
Idea lly  when measuring a load the instrument should not deform, 
as any deformation of the soil v iolates the K0 condition. In to ta l  
stress cells  the strength of a transmitted signal,-.hence;the measured 
load, depends upon the movement of a diaphragm.
For any in s itu  instrument to act as an integral part of the 
ground, i ts  e la s t ic i ty  must equal tha t of the s o il .  I t  is impossible 
to make an instrument to such a specification as the value of e la s t ic i ty  
varies fo r each s o i l ,  and indeed within a soil mass.
The size of the instrument inserted into the ground is very 
important with regard to soil disturbance. The smaller the instrument, 
the less the disturbance produced upon in s ta lla t io n  into the so il .
For example, piezometers used in hydraulic fracturing cause l i t t l e  
disturbance when pushed into the ground; compared to some to ta l  
stress cells which are several fee t in diameter and have to be placed 
in pre-bored holes, causing a great deal of soil disturbance.
A ll instruments must be robust, and resistant to: water, 
chemical attack, biological attack and burrowing animals. The e ffe c t  
of temperature d i f fe re n t ia ls  is of great concern when an instrument 
is powered by e le c t r ic i ty ,  because s ign ificant errors may be produced 
by excesses of temperature at the ground surface.
2 .6 .2  Problems During In s ta lla t io n
The majority of design considerations attempt to reduce to a 
minimum the amount of soil disturbance produced when in s ta ll in g  the 
instrument within the s o il .  The amount of disturbance a soil undergoes 
depends not only upon the method of insertion, but also the 
sen s it iv ity  and p la s t ic i ty  of the s o il .  Consider a s t i f f  clay; the 
amount of disturbance experienced during in s ta lla t io n  may be small, 
but i t  w i l l  take time fo r  the soil to return to i ts  orig inal position. 
Now consider a p lastic  clay; the degree of disturbance during 
in s ta lla t io n  may be high, but i t  w il l  take a shorter time to heal.
From the above considerations i t  is  apparent that not only the degree 
of disturbance is important, but also the time elapsed between • 
in s ta lla t io n  and testing. An increase in pore water pressure 
immediately a f te r  the in s ta lla t io n  of a p ile  was observed by Kenney 
(1967), thereafter  dissipating to a constant value, presumed to be 
the original value. To measure the correct horizontal to ta l stress i t
is essential that the measuring face of the instrument is in the
same direction as the principal planes, otherwise components of shear
stress w i l l  also be measured, leading to erroneous results.
2 .6 .3  Pore Water Pressure Measurement
The measurement of pore water pressure is achieved by 
piezometers; these are hollow f i l t e r  elements embedded in the s o il .
The cavity within the f i l t e r  is usually f i l l e d  with water, the
pressure of which is measured and assumed to be equal to the pore
water pressure outside the cavity.
The measurement of the pressure in the cavity may be achieved 
in three ways: by stand pipe, e le c tr ic  transducer, or a pneumatic 
pressure system, Vaughan (1973). The simplest method is the stand 
pipe. A nylon (e.g. unplasticised PVC) tube is attached to a piezometer 
and rises to the ground surface. The depth of water in the stand pipe 
is then plumbed from a datum leve l.  Knowing the depth of the 
piezometer with respect to the datum fa c i l i ta te s  the calculation of 
the head of water, hence the pore water pressure.
An e le c tr ic  piezometer consists of two chambers separated by a 
f le x ib le  diaphragm. One chamber is sealed at a constant pressure, the 
other is the piezometer cavity. The deflection of the diaphragm*, 
caused by the difference in pressure, is sensed by strain gauges which 
transmit a calibrated signal to the surface.
Pneumatic systems consist of two a i r - f i l l e d  tubes connecting the 
measuring point to the piezometer. A valve is s ituated.inside the 
piezometer and operates by the difference in pressure between the 
cavity and the applied pressure. The valve shuts when the input 
pressure is equal to the cavity pressure, in which case the pressure 
in the return tube is equal to the cavity pressure and is measured a t  
the ground surface (Hanna, 1973).
2 .6 .4  Earth Pressure Cells
There are two basic types of earth pressure cells  in common 
use: one type operates by the deflection of a f le x ib le  diaphragm; 
the other is based on equilibrating a hydraulic pressure within the 
c e l l .
The f i r s t  type consists of a solid frame with the diaphragm 
in the centre of one face (Brown, 1973; Kennard et a l , 1967). The 
size of the diaphragm is normally s ig n if ic a n tly  smaller than the face 
to reduce any boundary e ffec ts . Diaphragm movement can be detected 
by e ither s tra in  gauges, vibrating wire gauges, or lin ear  transducers.
In most cases the size of these cells  does not f a c i l i t a t e  d irect  
insertion into the ground. They are best employed where they can be 
backfilled and l e f t  as an integral part of the s o i l ,  as in earth dam 
construction. (Kennard et al , 1967) or behind retaining walls (Uff» 1969). 
The main disadvantages are that they vary th e ir  output with temperature, 
and they cannot be recalibrated once insta lled . An advantage is that  
they can be used in any type of s o il .
The second type of ce ll operates on the principle of equilibrium  
of pressure on e ither side of a f le x ib le  steel diaphragm (Massarch, 1973). 
The ce ll is f i l l e d  with o il to the f le x ib le  steel membrane, then 
sealed. On the other side of the membrane is a tubular valve which 
emits a ir  or o i l  under pressure into the upper chamber. By increasing 
the pressure slowly, the sensitive steel membrane w i l l  open the valve 
at a pressure s lig h t ly  greater than that in the c e l l .  This pressure 
is indicated by a manometer and is equal to the horizontal stress 
acting upon the c e l l .
The thin spade-like shape of the ce ll fa c i l i ta te s  easy insertion  
into any pebble-free soft ground, to the desired depth. This type of 
ce ll has been used to evaluate Ko with depth for a soft sensitive  
clay (Tavenas, 1975). K0 was found to be approximately 0 .6 , and in 
reasonable agreement with previous experimental results .
When using both types of to ta l stress cells  the independent 
measurement of pore pressure is required to compute K0.
2 .6 .5  Instrumented P ile
Kenney (1967) used a box p i le  with gauges attached to the sides 
to determine the value of the coe ff ic ien t of earth pressure at rest in 
sensitive Norwegian clays.
The complete p i le  was assembled by bolting 1.5 metre sections 
together to produce as smooth a section as possible. For easy 
in s ta lla t io n  the bottom of the p ile  was bevelled, sim ilar to a sampling
tube. When the p i le  entered the ground the bevel cut the soil and guided 
i t  into the p ile  in such a manner that no soil was displaced outside 
i t .  On the f l a t  surfaces of the p ile  and a t  four sections along its  
length vibrating wire strain  gauges were in sta lled . These gauges 
measured the horizontal earth pressure and the pore water pressure.
Thus the value of K0 could be computed, i f  the vertica l pressure at 
that particu la r location was known. ^
To in s ta l l  the p ile  in the ground, i t  was positioned v e r t ic a l ly  
by a crane and allowed to f a l l  under its  own weight, eventually stopping 
against hard underlying s tra ta . Readings were taken when the excess 
pore water pressure caused by inserting the p ile  had become stable 
and presumed to be the in situ  pore pressure.
The value of K0 using the instrumented p ile  was 0.65 which 
compared favourably with the value determined by conventional laboratory  
techniques of 0.5 to 0.6.
2 .6 .6  Pressure Meters
A pressure meter consists of two principal parts: the probe, which 
is inserted into a borehole; and a pressure volumeter situated on the 
ground surface. The design philosophy is to apply pressure through the 
volumeter to the probe, which is a f le x ib le  membrane f i l l e d  with water. 
Under pressure the membrane expands, inducing a pressure and deforming 
the surrounding s o il .  From measurements of pressure and volume change 
the la te ra l pressure can be deduced, hence the value of KQ can be 
evaluated (Menard, 1957).
To use a pressure meter a borehole of s l ig h t ly  larger diameter 
than the probe is d r i l le d ,  then the probe inserted. Two guard c e l ls ,  
one on e ither side of the measuring c e l l ,  are then in fla ted  to prevent 
the probe from moving and the borehole from swelling. The test 
procedure is to raise the pressure at specific  time in terva ls ,  
noting the corresponding volumetric changes. The analysis of the data 
obtained has been a point of contention, and has been achieved by 
several investigators (Menard, 1957; Gibson and Anderson, 1961;
Ladanyi, 1972; Palmer, 1972). Basically a graph of pressure versus 
volumetric change is drawn and by interpolation of the pressure at  
no volume change, the la te ra l pressure is determined (Figure 3 .19 ),  
hence a value fo r  K0 computed.
The pressure meter was used to evaluate K0 for a p lastic  s i l t  
by Baguelin e t a l  (1972). The data obtained indicated a re la t iv e ly  
constant value of K0 with depth of approximately 0.35.
The major source of error using this technique is the disturbance 
arising from the stress r e l ie f  and swelling which takes place inside 
the borehole before the probe is inserted, thus the surrounding soil 
w il l  probably suffer irrevers ib le  p lastic  strains (Wroth and 
Vaughan, 1973). To reduce the swelling and stress r e l ie f  inside the 
borehole water and bentonite s lurries can be used during d r i l l in g  and 
insertion of the probe.
Self-boring pressure meters are now available which excavate 
th e ir  own borehole as the device is jacked into the ground (Baguelin 
et a l ,  1973), therefore attempting to reduce the soil disturbance to a
minimum.
2 .6 .7  Camkometer
A special self-boring instrument which measures the horizontal 
to ta l stress and pore water pressure at a point is the Cambridge K0 
meter, or camkometer (Wroth and Hughes, 1973; Windle and Wroth, 1977).
I t  consists essentia lly  of a long hollow thick walled cylinder  
which is slowly and steadily  jacked into the ground. Simultaneously, 
the soil is excavated by an internal cutter rotating within the cutting  
head. Water c ircu lating down a central tube, on which the cutter is 
mounted washes the soil cuttings up the annul us formed between th is  
tube and the outer cylinder. The outside of the cylinder incorporates 
three pieces of apparatus: a pore pressure transducer; a load c e l l ;  
and a pressure meter. The pore pressure transducer is used to measure 
the water pressure a t that point. Lateral stresses are measured by 
the load c e l l ,  and the stress stra in  relationship is measured by the 
pressure meter. Analysis of the stress strain data is the same as that  
for the normal pressure meters. Knowing the la te ra l pressure and pore 
pressure of a p articu lar  point and the overburden pressure KQ can be 
computed.
The testing procedure is to slowly jack the cell into the ground 
to the required depth. Thereafter, the instrument is l e f t  to enable 
the ground to heal, indicated by constant pore pressure readings.
Then a l l  functions of the instrument are executed to provide the 
data fo r  analysis.
Using the camkometer in London clay at Bradwell KQ was found 
to be in the range 2.8 to 3 .5 , which is consistent with values obtained 
by other investigators for this s ite  (Windle and Wroth, 1977).
The main feature of the camkometer is the extremely small amount 
of disturbance the soil experiences whilst i t  is inserted into the 
ground. Radiographic tests have indicated the amount of disturbance 
induced next to the instrument's body is of the order of 0 . 1mm.
2.6 .8  Hydraulic Fracturing
The method developed is based on the principle of hydraulic 
fracturing (Bjerrum and Andersen, 1973). I t  was discovered when 
performing in s itu  permeability tests that when establishing a water 
pressure in a soil which is higher than a c r i t ic a l  value, the 
permeability suddenly increases. The reason for this behaviour is 
that cracking occurs in the soil around the piezometer t ip ,  thus 
resulting in a sudden increase in the flow of water into the s o il .
I f  the soil is normally consolidated a vert ica l crack occurs, and the 
pressure when the crack closes is believed to be the horizontal to ta l  
stress across the crack. The method is lim ited to normally consolidated 
soils because the crack induced is horizontal in over-consolidated 
soils .
The technique is very simple. A piezometer is insta lled  by 
pushing i t  into the soil to the required depth. After in s ta l la t io n ,  
the piezometer is l e f t  to enable the soil to heal and to measure the
natural pore water pressure. The tes t is then performed by forcing 
water out of the piezometer at a constant ra te , the rate being large 
enough to cause cracking. During this process the pressure in the 
manometer is monitored, and when a constant value is reached the 
flow of water is stopped. The decreases in pressure and flow out of 
the piezometer are monitored at regular time in terva ls .
The mechanism of fracture of soils has been considered by 
Bjerrum et al (1972). In terpretation of the fracture is part ic u la r ly  
complex a n a ly t ic a lly ;  however i f  a graph of pressure in the piezometer 
is plotted, there is a d e fin ite  change in slope of the graph at a 
position presumed to be equal to the horizontal to ta l stress across the 
crack. The value of Ko can therefore be computed.
Values fo r  KQ obtained using the hydraulic fracturing method 
(Bjerrum and Anderson, 1972; Tavenas et a l , 1975; Al-Shaikh-Ali e t  
a l ,  1977) are presented in Table 2 .2 , however duplicate tests did not 
necessarily produce consistent resu lts , and the scatter of results was 
greater than other in s itu  tests.
The permeability of the soil determines whether the technique 
can be used. When water is used as the cracking f lu id  the method is 
limited to f ine  grained soils . By using liqu id  paraffin  the technique 
was successfully used on a sandy clay g lacial t i l l , (Al-Shaikh-Ali' et 
a l ,  1977). An important consideration is that varves or fissures within  
the soil may a ffec t  the f in a l result of the horizontal pressure obtained.
2.7 Conclusions
The value of K0 is a necessary pre-requisite  for many computations 
on which engineering judgements are based fe.g. in the analysis and design 
of retaining walls , tunnels, docks etc). Accordingly, K0 must be 
evaluated as accurately as possible. For normally consolidated soils  
Ko can be re la t iv e ly  well estimated to be within ± O .f , by using the 
p la s t ic i ty  index or angle of shearing resistance. For over-consolidated 
soils however the methods fo r  estimating K0 are less accurate. At 
present the accuracy of K0 necessary, in terms of the s e n s it iv ity  of 
a construction or analysis, may be unobtainable by the current methods.
The value of K0 is indeterminate ana ly t ic a lly  because most 
analyses are based on the theory of e la s t ic i ty .  Soils are not e las t ic  
materials and therefore any resulting expressions w i l l  be inappropriate.
The value of K0 may only be approximated to em pirically , as has 
been shown in Section 2 .3 . I t  is apparent that the use of expressions 
incorporating the p la s t ic i ty  index or angle of shearing resistance 
are adequate fo r  estimating K0 in normally consolidated soils providing 
a specific relationship between K0 and the p la s t ic i ty  index or the 
angle of shearing resistance was obtained fo r  that particu lar s o il .
For over-consolidated soils the empirical relationships are more 
complex and therefore probably less re l ia b le .  In addition to the 
inaccuracies in the empirical relationships further errors resu lt from 
the inaccuracy in determining parameters used in the empirical 
relationships such as: p la s t ic i ty  index, angle of shearing resistance, 
and the over-consolidation ra t io .
In the laboratory two main methods for determining Kq may be 
id en tif ied : d irec t methods which involve the use of specialised 
instruments, and indirect methods which use more conventional apparatus 
combined with d if fe re n t  testing techniques. The d irect methods can 
be further divided into those devices which restrain  or p a r t ia l ly  
restra in  the te s t  specimen from deforming la te r a l ly  at a l l  times (e.g. 
an instrumented oedometer, Som, 1970); and those whiclr permit a small 
la te ra l  deformation which is observed and corrected fo r  (e.g. the 
t r ia x ia l  c e l l ,  Bishop and Henkel, 1957). Inherent errors in d irect  
testing fo r  those instruments which restrain a test specimen from 
straining la te ra l ly  can arise from the introduction of vertica l shear 
stress and non-uniform loading throughout the tes t specimen depth 
caused by the side f r ic t io n  of the restraining components. The type 
of d irec t te s t  which allows a la te ra l deformation may permit an 
amount of deformation which may a ffec t s ig n if ican tly  the value of K0 , 
Indirect tests have errors which result from the testing technique 
and the in terpretation of te s t  data. At present ind irect techniques 
have proved to be useful for normally consolidated soils only. For 
both d irec t and ind irect methods the size of the specimen tested may 
have a s ign ificant e ffec t on K0 i f  the test specimen was not 
representative of the in s itu  soil mass. In addition i f  undisturbed 
samples are used the sampling process w i l l  a ffec t  the value of K0 
even i f  the mechanical disturbance during sampling is neglig ib le . I t  
is shown la te r  in th is  thesis however that testing techniques may 
be employed which overcome this problem.
Field testing devices for determining K0 have been developed 
over the past decade or so. While these techniques may well eliminate
the problem of testing a specimen of soil which has been disturbed by 
sampling they have replaced this problem with one of introducing the 
test equipment (e.g. to ta l stress ce lls ) into the ground without 
disturbing the surrounding s o il .  Total stress ce lls3because of th e ir  
size3are d i f f i c u l t  to in s ta ll  with only a small amount of soil disturbance, 
though they can be used in any type of so il .
Hydraulic fracturing can only be used in normally consolidated 
soils possessing a re la t iv e ly  low permeability. An important consideration 
for  this technique is the quick and re la t iv e ly  simple testing procedure, 
and the small amount of disturbance experienced by the soil on 
insertion of the piezometer.
At present self-boring pressure meters seem to o ffe r  the best 
means of assessing K0 in s itu , i f  the problems associated with 
in terpreting the data can be overcome. In addition, they have been 
used successfully in most types of soil (e.g. sand, soft to s t i f f  
clays).
Because of the re la t iv e  ease with which the samples can be obtained, 
and the speed and cheapness of laboratory tes ts , an ideal solution  
would be to f in d  a re l ia b le  laboratory method of decoding K0 from 
test data obtained from undisturbed te s t  specimens of both normally 
consolidated and over-consolidated soil . This theme is taken up, again 
and extended in Chapter 8 .
TABLE 2.1 TYPICAL Kn VALUES (SANDS)
Soil Type K0 0 ' ° r i % Reference
1 Loose sand (saturated) 0.46 34 - Bishop (1958)
2 Dense sand 0.36 39 -
3 Sand 0.37 38.2 - Simons (1958)
4 Sarid 0.42 37 -
5 Sand 0.48 35.5 -
6 Sand 0.54 33 -
7 Minnesota sand 0.33 35.5 32 Schmidt (1967)
8 Minnesota sand 0.35 31.5 35.1
9 Minnesota sand 0.41 27 38.3
10 Minnesota sand 0.48 18 43.5
11 Pennsylvania sand 0.43 34.5 40.1
12 Pennsylvania sand 0.56 27 40.6
13 Sangamon sand 0.4 37 39
14 Sangamon sand 0.46 29.5 45.1
15 Wabash sand 0.39 38.5 34.2
16 Wabash sand 0.44 32 40.5
17 Glass B a llo tin i 0.5 17 41.1 Andrawes &
18 S ilve r  sand 0.43 27 41.1 El-Sohby (1973)
19 Crushed feldspar 0.43 36 49.5
20 Copper partic les 0.44 - 43.9
21 Ripley sand 0.41 38 40 Author
TABLE 2.2 TYPICAL Kn VALUES (N.C. CLAYS)
Soil Type Ko Q'° l p % Reference
1 Organic s i l t y  clay 0.57 27.5 45 Bishop (1958)
2 Kaolin 0.64-0 .7 20.2 23
3 Chew Stoke clay 0.43 33 10
4 Weald clay 0.71 22 25
5 Marine clay Oslo 0.48 31 16 Simons (1958)
6 S i l ty  Quick clay 0.51 28.5 10
7 Chicago clay 0.47 26.3 10 Brooker & Ireland (1965)
8 Goose Lake f lo u r 0.51 27.5 16
9 Weald clay 0.54 22 21
10 London clay 0.67 17.5 38
11 Bearpaw Shale 0.7 15.5 78
12 P lastic  Clay Konnerud 0.49 - 29 Bjerrum &
13 Lean Clay Konnerud 0.49 - 11 Anderson (1973)
.14 Plastic  Clay Sundland 0.45-0.53 - 23
15 Lean clay 0.5 - 13
16 Quick clay 0.52 - 5
17 London clay 0.61 21 41 Som (1970)
18 Sydney clay 0.63 - - Poulos & Davis (1972)
19 Melbourne clay 0.45 - -
20 H urstv ille  clay 0.56 - -
21 Dispersed Kao!inite 0 .6 8 16.9 28 Abdel hamid &
22 Flocculated Kaolinite 0 .66 17.8 28 Krizek (1976)
23 Cheshire t i l l 0.72 21 - Al-Shaikh-Ali et al 
(1977)
CHAPTER 3
3.0 The Application and Measurement of Deformation Moduli'of Soils
3.1 Deformation Moduli and Their Application in Geotechnical Engineering
Deformation moduli are single valued numbers which describe the 
stress-stra in  relationship- of a material based on a l in e a r-e la s t ic  
material model. Stresses are related to strains in e las tic  theory by 
four parameters: Youngs Modulus, E; Poissons Ratio, \>; Shear Modulus,
G; and the Bulk Modulus, K. For an isotropic material only two moduli 
need to be known to define a m a te r ia l ’ s response to any applied stresses 
or strains because the moduli are in te r-re la ted  as follows (Ford, 1963):
In addition, Terzaghi (1943) developed a theoretical re lationship between 
K0 and v fo r  an ideal e las tic  body:
(3 .1 )
(3 .2 )
2 (1 + v)
(3 .3 )
In r e a l i ty ,  however, soils are not isotropic but are cross-anisotropic  
materials. I t  has been shown for cross-anisotropic materials that f iv e  
parameters describe a m ateria l's  reponse to any applied stresses or
strains (Chowdhury, 1974), namely Ev , EH, vy , vH and Gy where subscript 
"v" denotes the vertica l direction and subscript "H" denotes the 
horizontal d irection. These parameters can be determined by using 
tes t methods described in the following sections, 3.3 and 3.4. The 
use of moduli symbol^ without subscripts implies that the soil is  
considered as a linear e las tic  isotropic m aterial.
The general equation re la ting  stress to strain is of the form:
£1 = W 2  .  V 0 3  ( 3 . 4 )
E E E
where is the principal stra in  in direction 1
oi is the principal stress in direction 1
a2 is the principal stress in orthogonal direction 2
o3 is the principal stress in orthogonal direction 3
E is the Youngs Modulus of the material
I t  can be seen that equation 3.4 relates stresses to strains using 
Youngs Modulus and Poissons Ratio only, and is termed E, v model. An 
a lte rnative  and less frequently used soil model is the K, G model. 
Smoltczyk (1957) queried the r e l i a b i l i t y  of using E, v models to predict  
soil deformations and proposed using K, G models. He argued the 
acceptability  of using Youngs Modulus and Poissons Ratio, which 
originated from the mechanics of r ig id  bodies, being applied to so ils .
An important consideration for using K, G models is that the defin it ions  
of soil behaviour are associated with separate physical components,
i
which can be determined independently of each other. The Shear Modulus
is dependent upon the applied deviator stress only, while the Bulk 
Modulus depends upon an applied isotropic stress only. As such they 
can be determined by using two separate laboratory tests; a normal 
drained or undrained t r ia x ia l  tes t  and an isotropic consolidation tes t  
respectively. This is not the case fo r  an E, v model because E and 
v cannot be determined independently. Since i t  has been shown E and 
v are not constant for so ils ,  i t  follows that K and G are also variables,  
but are more read ily  related to the in situ state of stress. Naylor 
(1975) compared the behaviour of a test specimen of sand during a 
conventional t r ia x ia l  tes t with the predicted behaviour from two types 
of three-dimensional f in i t e  element analysis; one analysis used the 
E, v model, the other the K, G model. He concluded that the K, G 
model simulated more closely the observed behaviour of the tes t than did 
the E, v model.
Until recently these moduli, and therefore the 1 in ear-e las tic  
soil model, were used to predict soil deformations in geotechnical 
engineering because no other models were read ily  available. Various 
solutions to theoretical stress distributions and deformations within  
an e las tic  isotropic material existed and were applied to soils  
(e.g. Newmark, 1942; Fox, 1948; ilanbu et a l , 1956; Poulos, 1967;
Davis and Poulos, 1968). For example Boussinesq (1885) obtained a 
solution fo r  the displacement and stress d istribution  beneath a point 
load on a l in e a r -e la s t ic  m aterial. By integration of Boussinesq4s 
solution over a uniformly loaded f le x ib le  c ircu lar area resting on the 
surface of an e las tic  half space (Timoshenko and Goadier, 1951) the 
solution to the settlement of an o il tank resting on soft clay can be
found. In addition, computer technology was non-existent or 
in s u ff ic ie n t ly  advanced enough to allow more complex models and 
problems to be solved numerically.
Uniform saturated clays loaded in the short term simulate 
closely the behaviour of an incompressible e la s tic  solid in that there 
is no volume change. In addition St. Venant's princip le  applies 
(Simons and Menzies, 1975) and hence i f  a r ig id  or f le x ib le  footing  
is used to apply a load to the soil the stress d istr ibution  beneath 
the footing a t depth is s im ilar and so, arguably, the theory of 
e la s t ic i ty  is an acceptable model for predicting immediate settlement 
of footings on saturated clays.
The assumption that a soil behaves as an incompressible e las tic  
solid means that the Poissons Ratio must be one half and the Bulk 
Modulus in f in i ty  whence the response of a l in e a r -e la s t ic  soil model 
to any applied stresses or strains can be defined by determining E 
or G only.
Gibson (1974) demonstrated that while the use of a lineal—  
e las tic  model may predict soil stresses quite successfully, the 
prediction of deformations is usually erroneous. He analysed the 
deformations associated with a s tr ip  footing on an e las tic  ha lf space 
using both a constant value fo r  Youngs Modulus with depth and a varying 
Youngs Modulus with depth. Comparing the results from these two 
analyses i t  was apparent that the stress d istr ibution  beneath the 
footing was re la t iv e ly  insensitive to the non-homogeneity, whereas the 
surface deformation was very sensitive to the variation in Youngs Modul
3.2 Factors Affecting the Stress-Strain Properties of Soils
The influence of various factors (e.g. la te ra l pressure, stress 
path e tc .)  upon deformation moduli have been determined almost 
exclusively from laboratory tests using the oedometer or the t r ia x ia l  
c e l l .  In th is  way tes t parameters can be controlled and th e ir  
subsequent e ffec t upon specific  deformation moduli determined.
Single valued deformation moduli determined from laboratory  
tests are normally defined in two ways by using e ither the tangent 
or secant modulus at a point on an appropriate s tress-stra in  or 
strain path curve. Furthermore i t  is usual to use the tangent modulus
at the beginning of an appropriate curve or the secant modulus
at a stress of \  or 2/ 3 the shear stress at fa i lu re  (Simons and Som,
1970). The general trends, however, of the variation in moduli fo r
a specific parameter w i l l  be s im ilar for both the tangent and secant 
moduli and therefore no further d istinction  w i l l  be made between them 
in this Chapter. Typical values of deformation moduli are presented in . 
Tables 3.1 and 3.2.
3.2.1 Lateral Pressure
I t  has been observed by many investigators that the Youngs Modulus 
of sand and clay increases as the confining pressure or la te ra l . 
pressure increases (Chen, 1948; Ladd, 1964; Maklouf and Stewart, 1965; 
Vesic and Clough, 1968; Simons and Som, 1969; Breth et a l ,  1973).
Chen (1948) performed conventional t r ia x ia l  tests on sand 
specimens where the la te ra l pressure was applied by creating a vacuum 
within the tes t specimen's confining membrane. This la te ra l pressure 
was held constant while a deviator load was applied. Similar tests  
were performed using d if fe re n t  values of vacuum pressure. Chen
noted that the gradients of the axial stra in  versus log deviator stress
were not constant for the d if fe re n t  la te ra l pressures Applied.
Wu (1966) analysed these results by computing the secant Youngs 
Modulus at 1% axial s tra in  and plotting the resu lt against its  
respective la te ra l pressure. These results are presented in 
Figure 3.1 where i t  may be seen that an almost linear increase of 
Youngs Modulus is associated with an increase in the confining pressure. 
For the results presented in Figure 3.1 the value of Youngs Modulus 
fo r  any given la te ra l pressure can be expressed mathematically as:
E = 25 + 400 c r3 Kg/cm2 (3 .5 )
where a3 is the la te ra l pressure in Kg/cm2.
A series of conventional t r ia x ia l  tests using high la te ra l  
pressures were performed on Chatahoochee River sand by Vesic and 
Clough (1968) whose findings support those of Chen (1948). The 
apparatus used was s im ilar to the normal t r ia x ia l  cell except that  
the ce ll wall was made of high strength s tee l, and the other 
components of the ce ll were made of bearing bronze. The tes t  
procedure was identical to that of the conventional t r ia x ia l  te s t .
The test specimens were tested at several confining pressures up to 
633 Kg/cm2 ; typical s tress-stra in  response curves are presented in
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Figure 3.2. They observed a linear increase in Youngs Modulus with 
increasing la te ra l pressure in the high pressure range of 100-600 Kg/cm2 , 
which can be expressed mathematically as:
Vesic and Clough (1968) E = 17.7 a3 Kg/cm2 (3 .6)
For the low pressure range up to 5 Kg/cm2 , however, the relationship
Vesic and Clough explained th is  anomaly by suggesting that above a 
certain "breakdown pressure" partic le  crushing is  so intense that the 
e ffec t disappears of dilatancy which produces the low range non-linearity .  
Comparing the above expressions there would be a considerable difference  
in the predicted value of Youngs Modulus for the same la te ra l pressure.
Ladd (1964) performed a series of consolidated undrained and 
unconsolidated undrained t r ia x ia l  tests on a selection of f iv e  
remoulded and undisturbed specimens of clay. Using the data presented 
by Ladd, and using the same method as Wu (1966), a relationship between 
Youngs Modulus and la te ra l pressure was obtained for clays and is 
presented in Figure 3.3. The general trend of an increasing Youngs 
Modulus with increasing la te ra l pressure is s im ila r .to  that for sands, 
although the relationship is not so well defined. The findings of 
Simons and Som (1969) fo r  undisturbed specimens of over-consolidated
between Youngs Modulus and la te ra l pressure was less lin ea r  and by 
interpolation of Vesic and Clough's data the relationship can be 
expressed mathematically as:
log E = log 90 + 0.71 log Kg/cm2 (3 .7 )
Yo
un
gs
 
M
od
ul
us
 
(K
g 
I c
m
2) 500 r
300
200
100
0 2 4 5 8 10
Lateral pressure ( Kg I cm2 )
Fig. 3.3. The Variation in Youngs Modulus 
w ith  Lateral Pressure for 
Norm ally Consolidated Clays 
( using data from Ladd, 19 54 )
London clay support those of Ladd (1964).
The variation of Poissons Ratio with la te ra l pressure was 
observed by Chen (1948) and Jakobson (1957). They observed a small 
increase in Poissons Ratio as the la te ra l pressure decreased. In 
contrast Breth et al (1973) concluded that the in i t i a l  la te ra l pressure 
had no s ig n if ican t e ffec t upon the value of Poissons Ratio.
The e ffe c t  of the in i t i a l  isotropic ce ll pressure, hence la te ra l  
stress, upon the relationship between shear stress and shear stra in  
was observed by Domaschuk and Wade (1969) (Figure 3 .4 ) .  Their 
results were obtained from tests on Chattahoochee River sand and 
demonstrate that the Shear Modulus, measured at a specific deviatoric  
stra in  increased as the ce ll pressure increased. Similar s tress-stra in  
curves showing the same behaviour has been observed for clays by 
Naylor (1975).
Data obtained from isotropic consolidation tests on sand 
indicate that the Bulk Modulus of a soil is affected by the in i t i a l  
mean normal e ffec tive  stress (Domaschuk and Wade, 1969). A b i - l in e a r  
relationship was observed between the Bulk Modulus and mean e ffec tive  
stress (Figure 3 .5) where Bulk Modulus increased as the mean normal 
stress increased. A sim ilar linear relationship between Bulk Modulus 
and mean e ffec tive  stress was reported fo r  clays by Naylor (1975.).
Cell pressure = lOOp.sx
CSJ
Cell pressure = 60p.s.i
Cell pressure - 1 0  p.s.L
>
A2
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Note: The shear modulus G= gradient of a curve
Fig. 3.4. The Effect of Cell Pressure upon Shear 
Modulus (after Domaschuk and Wade, 1969)
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3.2.2  Stress H is to ry
The genera] stress-stra in  curves for sands and clays are 
sim ilar and from this relationship the Youngs Modulus is derived 
(Figure 3 .6 ) .  For normally consolidated soil during v irg in  loading 
the stress-s tra in  relationship is i n i t i a l l y  l in e a r ,  and remains so fo r  
a small axial s tra in . As the axia l strain is increased the stress- 
stra in  're la tionship  becomes progressively non-linear. The degree of 
l in e a r i ty  depends upon the density of the s o i l .  A more dense 
specimen of s o i l  w i l l  exhib it a greater degree of l in e a r i ty  of the 
stress-stra in  curve. Over-consolidated soils however have been 
observed to exhib it an approximately lin ear  stress-stra in  re lationship  
when tested within th e ir  previous stress range. Exceeding the previous 
stress range causes the specimen to behave as i f  normally consolidated 
producing the non-linear stress-stra in  characteristic  (Wroth, 1971).
For example Atkinson (1975) observed for tests on undisturbed specimens 
of over-consolidated London clay that the stress-stra in  behaviour is  
approximately l in e a r -e la s t ic  for strains up to } % .
From a consideration of many t r ia x ia l  and oedometer compression 
tests performed on a variety  of sands and clays, Janbu (1963) proposed 
a simple expression to estimate the tangent Youngs Modulus fo r  a 
normally consolidated so il:
l -  a
Janbu (1963) (3 .8 )
where m is a modulus number
cxa is one atmosphere (approximately 1 Kg/cm2) 
a is a pure number between 0 and 1 
a 1 is the e ffec tive  stress
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( after Macklouf and Stewart, 1955 )
The parameters m and a are determined from a graph re la ting  each 
parameter to the s o il 's  porosity. Typical values of "a" fo r  sands 
and clays are 0 and 0.5 respectively, and "m" can vary up to 1000 Kg/cm2 
fo r a f in e  sand.
*
The e ffec t of an increasing Youngs Modulus for an increasing 
over-consolidation ra t io  was observed by Ladd (1954), ^He performed a 
number of conventional t r ia x ia l  tests on several undisturbed and 
remoulded clays, and found that the Youngs Modulus increased with 
increasing over-consolidation r a t io ,  but sometimes near the fa i lu re  
stress level the Youngs Modulus decreased.
A soil is assumed to be a line a r-e las t ic 'm ate r ia l when i t  is 
modelled by f in i t e  element stress analyses in th e ir  simplest form and 
this prompted several researchers to t ry  to eliminate the p lastic  
components of deformation and then evaluate the purely e la s tic  
deformation moduli [Lo, 1961; Maklouf and Stewart, 1965). Tests 
performed by Maklouf and Stewart (1965) in a t r ia x ia l  ce ll cycled the 
deviator load on te s t  specimens of Ottawa sand between zero and a 
maximum level for many cycles, evaluating the Youngs Modulus fo r  each 
loading and unloading cycle (Figure 3 .6 ) .  Their results indicated that  
the p lastic  contribution to deformation was mostly eliminated a f te r  
the f i r s t  loading cycle, and a f te r  twenty loading cycles the loading- 
unloading stress-stra in  relationships were almost id en tica l. Moreover, 
the in i t i a l  tangent Youngs Modulus was found to approximate to the 
Youngs Modulus determined a f te r  20 loading cycles. These findings 
support the observation of an approximately linear s tress-stra in
relationship when reloading an over-consolidated s o i l . I t  was also 
observed that upon reloading the test specimen to beyond the previous 
maximum deviator load, the soil behaved as i f  i t  were experiencing 
virg in  loading.
3 .2 .3  Stress Level
Maklouf and Stewart (1965) performed a fu rther experiment 
whereby the e ffec t of testing a specimen at d if fe re n t stress levels  
within i ts  previous stress range was observed. I n i t i a l l y  the 
deviator stress was cycled several times between 4 p .s . i .  and 75 p .s . i .  
to minimise the non-elastic deformations. Subsequent loadings were 
then performed between deviator stress levels of: 12-20, 20-29,
39-49, 49-59, and 59-69 p .s . i .  F in a lly  the te s t  specimen was 
recycled between 4 p .s . i .  and 75 p .s . i .  and a Youngs Modulus only 4% 
d iffe re n t from the in i t i a l  loading Youngs Modulus was observed 
(Figure 3 .7 ) .  The Youngs Modulus derived from the intermediate 
deviator stress levels however produced values up to twice the in i t i a l  
value of Youngs Modulus.
The general trend of behaviour of a decreasing value of Youngs 
Modulus for an increasing shear stress level has been observed by 
many investigators (Chen, 1948; Wilson and Sutton, 1948; Jakobson, 1957; 
Ladd, 1964; Simons and Som, 1969). Jakobson (1957) performed a * 
series of tests on sand using the apparatus designed by Kjellman (1936). 
Two types of tes t were performed: one with the intermediate stress 
equal to the minor principal stress, the other with the intermediate  
stress equal to the major principal stress. Jakobson found from the
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data obtained from the above tests that the relationship between 
Youngs Modulus and shear stress plotted on a log -linear graph was 
i t s e l f  almost l inear (Figure 3 .8 ) ,  with the Youngs Modulus decreasing 
as the Shear Stress increased. Simons and Som (1969) performed 
a series of standard consolidated undrained t r ia x ia l  tests on undisturbed 
samples of London clay, and observed that the Youngs Modulus decreased 
non-linearly as the shear stress increased. These findings concurred 
with those of Ladd (1964) whose observations of the variation in Youngs 
Modulus with shear stress are presented in Figure 3.9.
Observations made during the performance of conventional t r ia x ia l  
tests on sand by Chen (1948) indicated Poissons Ratio increased non- 
l in ea r ly  with increasing axial s tra in , and shear stress. During these 
tests the la te ra l s tra in  was measured at the mid-height of the tes t  
specimen by a pair of extensometers enabling the Poissons Ratio to  be 
evaluated d ire c t ly  (Figure 3 .10). I n i t i a l l y  Poissons Ratio was 
observed to be 0 .1 , and increased with an increasing shear stress and 
eventually became 1.6 and 0.8 a t fa i lu re  for dense and loose sand 
respectively. The findings of Jakobson (1957) generally support those 
of Chen. Jakobson reported however an almost linear increase in 
Poissons Ratio for an increasing shear stress (Figure 3 .11).
The general pattern of behaviour of shear stress with shear stra in  
has been reported fo r  sands (Domaschuk and Wade, 1969) and clays ' 
(Naylor,1975). The overall relationship of shear stress with shear 
strain is s im ilar to the normal s tress-stra in  relationship (Figure 3 .1 2 ) ,  
with the Shear Modulus decreasing as the shear stress increases.
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3.2 .4  Stress Path
The marked e ffec t d if fe re n t  stress paths have upon Youngs 
Modulus has been demonstrated by Karst et al (1965) and Breth e t al 
(1973). Karst (1965) applied three basic stress paths to a te s t
specimen of Fontainbleau sand using the t r ia x ia l  c e l l .  The three
paths were as follows:
1. A normal K0 consolidation test simulating v irg in  loading
2. An isotropic stress increment test
3. A conventional consolidated drained tes t
Throughout each tes t the appropriate stresses and strains were 
measured to evaluate Youngs Modulus. The resulting variation in Youngs 
Modulus with ce ll pressure fo r  each type of stress path is  
presented in Figure 3.13, i l lu s tra t in g  the considerable e ffec t  
d iffe re n t stress paths have upon Youngs Modulus.
Breth e t  al (1973) embedded two pairs of induction transducers 
within a tes t  specimen of Rhine River sand to enable the Youngs 
Modulus to be calculated when the cell pressure was varied during a 
tes t. The two pairs of transducers were placed within the test  
specimen during i t s  preparation, one pair in the horizontal plane the 
other pair in the vertica l plane so that both the la te ra l deformation 
and vertica l deformation could be measured. Two types of tes t were
then performed on tes t specimens: a conventional test in which the ce ll
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pressure remained constant while the deviator stress was increased; 
and a tes t in which the ce ll pressure was decreased while the deviator 
stress remained constant. Breth et a l 's  finding supported those 
already stated, a decrease in Youngs Modulus fo r  an increasing shear 
stress, however the rate of decrease of Youngs Modulus with shear stress 
was greater fo r  the tes t where the deviator stress was held constant.
This indicated further the dependence of Youngs Modulus on stress path.
The marked e ffec t of d if fe re n t  stress paths upon Poissons Ratio 
has been reported by Jakobson (1957), Duncan and Chang (1970), and 
Breth e t al (1973). Jakobson (1957) observed d iffe re n t values of Poissons 
Ratio during a loading, unloading cycle (Figure 3 .11). The re lationship  
between Poissons Ratio and shear stress during unloading was found to 
be non-linear. Duncan and Chang (1970) tested a dense sand in the 
normal way in a t r ia x ia l  cell and observed a s im ilar linear re lationship  
between Poissons Ratio and shear stress during loading. For unloading 
this relationship was non-linear but the large degree of scatter of the 
results precluded any speculation on the trend of behaviour between 
Poissons Ratio and shear stress.
Using the data from the two types of tests described in Section 
3 .2 .4  by Breth et al (1973) the marked e ffec t of d if fe re n t loading 
stress paths can be demonstrated (Figure 3 .14). The in i t i a l  values of 
Poissons Ratio are d if fe re n t ,  but with an increasing shear stress* 
they converged at a value of approximately 0.46.
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3 .2 .5  Moisture Content and P oros ity  o f the Soil
The e ffec t  of the moisture content of a soil upon i t s  Youngs 
Modulus has been observed by Barkan (1962) and Janbu (1963) who found 
a non-linear decrease in Youngs Modulus for an increasing moisture 
content. A simple expression re la t in g  Youngs Modulus to moisture 
content was proposed by Barkan (1962):
U2
E = E0 (1 -  — ) (3 .9)
W02
where E0 is the Youngs Modulus a t moisture content W0 
E is the Youngs Modulus at moisture content W
The influence of porosity upon the Youngs Modulus of sands and 
normally consolidated clays was reported by Janbu (1963). He observed 
a decreasing Youngs Modulus with an increasing porosity. These 
findings c o n fl ic t  with those of Barkan (1962) who, fo r  sands, observed 
l i t t l e  varia tion  in Youngs Modulus with porosity.
3 .2 .6  Overburden Pressure
The variation of Youngs Modulus of a soil can be related to the 
overburden pressure, the general trend being an increased Youngs Modulus 
for an increase in depth (Janbu, 1963; Terzaghiand Peck,'1967;
Bowles,1968) Janbu related his modulus number to depth fo r  normally 
consolidated s o ils , s im ila r ly  Terzaghi and Peck (1967) observed an 
increase in the i n i t i a l  tangent Youngs Modulus fo r  an increased
consolidation pressure on sand* and proposed the following equation:
Ei = C ? c  (3 .1 0 )
where C is a constant (approximately 100)
Fc is the overburden pressure -
3 .2 .7  The Relative Density o f the Soil
The e ffe c t  of the re la t iv e  density of a te s t  specimen upon 
Poissons Ratio has been observed by Chen (1948) and Breth et al (1973). 
Their findings showed a s ign ificant increase in Poissons Ratio for an 
increase in the re la t iv e  density of tes t specimens of sand. Furthermore, 
the variation in Poissons Ratio for tes t specimens subjected to  
identical stress paths is less fo r  loose sands (Breth et a l , 1973).
Domaschuk and Wade (1969) performed conventional consolidated 
t r ia x ia l  tests upon sand and observed the in i t i a l  Shear Modulus 
increased rapidly  as the re la t iv e  density of tes t specimens was 
increased (Figure 3 .15).
The Bulk Modulus has also been related to the re la t iv e  density  
for sands by Domaschuk and Wade (1969) as shown in Figure 3.16, there 
is a non-linear increase in Bulk Modulus as the re la t iv e  density increases. 
I t  is. apparent from Figure 3.16 that the s e n s it iv ity  of the Bulk 
Modulus to re la t iv e  density increases as the re la t iv e  density'increases.
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3 .2 .8  Miscellaneous Parameters
The deformation moduli w i l l  be dependent upon the properties of 
individual grains of which the soil is composed such as: s ize ,  
shape, and texture. No quantitative data on the e ffec t of these 
properties upon deformation moduli ex ists , but Chen (1948) speculated 
that th e ir  e f fe c t  would not be s ign if ican t. ^
3.3 Field Methods for Determining Soil Deformation Moduli
3.3.1 The Plate Loading Test
A useful f ie ld  method for obtaining a value for the Youngs 
Modulus is the plate loading test (Burland and Lord, 1969;
Marsland, 1971, 1973 a, 1973 b).
The tes t equipment consists of two r ig id  main beams para lle l to
each other and t ied  into the ground with tension piles . The distance
between the beams is s u ff ic ie n t to allow a 900 mm diameter borehole 
to be d r i l le d  between them. At the bottom of the borehole a 865 mm 
diameter plate is placed which is connected to a loading column by 
a ball seating. An hydraulic jack positioned between the loading 
column and a loading head attached to the main beams provides the 
vertica l load. An independent beam normal to the main beams provides 
an external reference point for measuring the settlement of the 
plate. An inner reference tape connected to the plate or an electronic  
transducer connected to the loading column enables the settlement of 
the plate to be measured.
There are two d if fe re n t test procedures which may be used: an 
incremental loading, or a constant rate of penetration procedure. The 
incremental method consists of applying a load increment and 
measuring the resulting settlement. The time interval between each 
increment of loading is determined by the e la s t ic  settlement of the 
plate. Burl and and Lord (1969) performed incremental plate loading 
tests on chalk. I t  was observed that the immediate e la s t ic  settlement 
stopped a f te r  20 minutes. Thereafter the settlement varied with the 
log of time and was assumed to be creep. In th is  particu lar case the 
time between increments was of the order of 20 minutes but never less 
than 15 minutes. For the constant rate of penetration method, a 
small rate  of penetration of the plate into the soil mass is selected 
and applied un til fa i lu re  occurs in the soil or a s u ff ic ie n t  amount of 
load deflection data is obtained. The rate of penetration method has 
been used on London clay at Ashford Common by Marsland (1973 a ) .  In 
this particu lar case the rate of penetration selected was 2.5 mm/min.
In addition the time between completion of the boring operation and 
the commencement of a loading tes t was approximately 180 minutes.
The data obtained from both tests am s im ilar and am analysed in 
the same way. An idealized load settlement curve is presented in 
Figure 3.17. On f i r s t  loading,the curve re la ting  load to settlement 
has an i n i t i a l  tangent modulus denoted by E-j, but at re la t iv e ly  low 
loads, qe , the curve bends suggesting the material has yielded sTightly . 
I f  the load is then cycled another modulus Ee is obtained which is 
usually less than. E^. I f  the plate is loaded further the curve bends
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Fig. 3.1 f  An Idealised Pressure Settlement 
Curve for the Plate Loading Test 
(after Burland and Lord, 1969 )
sharply and enters a linear portion for which the material can be 
assumed to be undergoing general y ie ld  due to s l ip .  The load 
settlement curve for th is stage may be projected back to intersect the 
zero settlement axis at a load in tens ity , q^, above-which general 
y ie ld  w i l l  occur on f i r s t  loading. By giving values to the various 
parameters defined above, a reasonable and practical idealisation fo r  
the plate te s t  results can be obtained. Subsequently the results are 
then used in the equation derived fo r the deformation produced when a 
r ig id  punch is pushed into a sem i-in fin ite  e las tic  medium as follows 
(Timoshenko and Goodier, 1951):
E = a  *-B (1 -  v2) f  ( z )  (3 .11)
where a  i s the slope of the load deflection curve
P
B is the p late 's  diameter
v is the Poissons Ratio
f  ( z ) *  is a depth factor = settlement d e Pt h  2
settlement at surface
For each calculation fo r  Youngs Modulus a value fo r  Poissons Ratio has 
to be estimated, typical values used fo r  Poissons Ratio are 0.3 to 0.35 
for  sands and 0.47 for clays.
*The factor f  (z) is used to modify the Youngs Modulus to account fo r  the 
plate resting within the soil mass. The correction factor was f i r s t  used 
by Fox (1948). The Building Research Station has analysed the problem 
and a further set of correction factors have been presented fo r  
d if fe re n t  values of Poissons Ratio (Burland and Lord, 1969).
The value of Youngs Modulus determined by the plate loading 
tes t has been found to be dependent upon the quality  of preparation of 
the base of the borehole prior to placing the loading plate  
(Marsland, 1973 a ). The best results for Youngs Modulus were observed 
when a helical f l i g h t  auger was used to d r i l l  within 500mm of the 
required tes t depth, then a f l a t  bottomed auger was used un til the 
required tes t depth was achieved. Debris and another 50 to 70mm of 
material were then removed by hand. To ensure a good contact between 
the plate and the tes t m ateria l, a thin layer of plaster of paris was 
placed at the bottom of the borehole on to which the plate rested.
Using the same borehole several tests can be performed to 
correlate Youngs Modulus with depth. Caution has to be taken to ensure 
that the test levels are not close enough to a ffec t each other by 
deforming or consolidating a subsequent tes t leve l.
High ground water tables, especially in granular materials makes 
the id ea l, f in a l  preparation impossible. To enable a good f in a l  
preparation the only option available is to dewater the area. In 
addition,tests upon sands normally require the borehole to be lined to  
prevent collapse.
Marsland (1973 a) compared the data obtained from load tests on 
140mm, 292mm and 865mm diameter plates in London c lay, and showed that  
the bearing pressure of the 292mm diameter plates at a settlement equal 
to 1570 of the plate diameter was in reasonable agreement with that from 
the 865mm diameter plate. Tests on the 140mm diameter plates gave very
e r r a t ic  re s u l ts  which could not be in te rp re te d .
3.3.2 The Screw Plate Test
The screw p la te -te s t  is a modification of the plate loading 
test which can provide a quicker more convenient method of testing fo r  
sands (Schmertmann, 1970).
The equipment consisted of an auger with a pitch equal to l / 5  of 
i ts  diameter and a horizontally  projected area of I s q . f t . ,  over a single 
360 degree auger f l ig h t  which is also used as the loading plate . When 
buried the plate was loaded by a hydraulic jack reacting against two 
perpendicular anchor beams, tied  into the ground surface.
The tes t procedure consisted of screwing the plate into the 
required depth and applying a load in a s im ilar manner to that for  
a standard plate loading tes t. Throughout the tes t care was taken to 
ensure that the connecting rods did not buckle, and the e las tic  
compression of the rods was subtracted from the apparent plate settlement 
to give the actual plate settlement.
To determine the Youngs Modulus the load deflection data can be 
analysed by the following equation proposed by Schmertmann (1970):
where C2 is a correction factor to account for depth of embedment effects  
C2 is a correction factor to approximately account fo r  creep type 
settlements
Ap is the average net increase in soil pressure at foundation level
is the influence factor for vertica l strains (Schmertmann, 1970)
P is the settlement
ES is Youngs Modulus
AZ is the depth of plate
The Youngs Modulus was then found by back-analysis using equation 3.12 
and the known settlement.
An a lte rnative  expression fo r  the evaluation of Youngs Modulus based 
on the maximum deflection of a f le x ib le  loaded c ircu lar area on the 
boundary of a s em i-in fin ite  solid (Timoshenko and Goodier, 1951) was 
proposed by Webb (1969), who used the equation:
E = (3 .13)
P
where q is the average in tensity  of loading.
This expression applies to a completely f le x ib le  loading plate  
which is not the case in r e a l i ty  and therefore the computed Youngs 
Modulus w i l l  be less than that in s itu .
An important consideration for using the screw plate tes t is  that
>
the equipment can be used in soil with a high ground water level and with
no special preparation to rest the plate upon. Webb (1969) however, 
observed that the in i t i a l  portion of the load-settlement curves 
possessed a steep curvature, which he attributed to the disturbance of 
the s o i l .  Particularly^dense sands are l ik e ly  to d i la te  on shearing 
as the helical plates-.are screwed into position. In addition, there is 
no disturbance around the test level caused by removal of the overburden 
pressure which occurs on augering a borehole for the plate loading 
test.
The technique is only suitable fo r  use in sands or clayey sands 
because a large torque is necessary fo r  turning the plate in clays.
3 .3 .3  The Penetrometer
At present there are several types of penetrometers in use 
(e.g. Begemann cone penetrometer, Fugro penetrometer), a l l  of which 
operate in a s im ilar manner. The main difference is the way in which 
the loads are applied and measured (e.g. by electronics or hydraulics).
Typ ica lly , the equipment consists of a push rod and f r ic t io n  
sleeve, and an inner push rod connected to a 60 degree cone approximately 
1|" in diameter (Begemann, 1965). The cone and f r ic t io n  sleeve are 
pushed into the ground by a hydraulic jack which also measures the force  
required to penetrate the ground.
The testing procedure is to push the cone and f r ic t io n  sleeve 
into the soil to the required test le v e l,  thereafter they are pushed into  
the 'soil for a fu rther 5cm. Using the inner push rod,the cone only is
pushed into the soil un til the surrounding soil has been fa i le d .
Throughout both stages of the tes t .the rate of penetration of the 
equipment into the soil is constant, and the forces required to 
penetrate the soil are measured. This process is repeated several 
times enabling a p ro f i le  o f ,the variation in Youngs Modulus with 
depth to be estimated.
The data obtained from this test procedure ave. the value of the 
cone resistance with depth, which is normally converted to an ultimate  
bearing capacity for the s o il .  Webb (1969) and Schmertmann (1970) 
em pirically correlated the Youngs Modulus of sands with the cone resistance 
values as follows:
Webb (1969) E = 5/ 2 (Cr + 30) (3.14)
Schmertmann (1970) E = 2 Cr (3.15)
where Cr is the cone resistance ( p . s . i . ) .
3 .3 .4  The Pressure Meter
The pressure meter and its  associated tes t procedure have been 
described in deta il in Chapter 2.
The analysis and interpretation of the data obtained from a 
pressure meter tes t has been carried out by many investigators  
(Menard, 1957; Gibson and Anderson, 1961; Ladanyi, 1972; Palmer, 1972).
t
A typical curve giving the relationship between the volume change and
applied pressure a f te r  the proper corrections have been applied is 
presented in Figure 3.18. These corrections account for the r ig id i ty  
of the cell membrane and the difference in height between the probe 
and pressure volumeter. Typically the plot of a standard pressure 
meter tes t contains a_volume-pressure curve in three sections:
I The f i r s t  phase corresponds to the rebuilding of the pressure 
on the face of the borehole up to the in i t i a l  horizontal 
stress in s itu  before the borehole was made.
I I  The second phase shows the pseudo-elastic relationship  
between the stress and s tra in , which are approximately 
proportional.
I l l  The th ird  phase indicates a p lastic  behaviour of the soil 
around the probe as fa i lu re  is gradually achieved.
Section I I  is normally used fo r  the evaluation of appropriate 
deformation moduli. An important consideration when using the pressure 
meter is that the stresses and strains re fe r  to a horizontal d irection .  
As the soil is invariably anisotropic the resulting horizontal 
deformation moduli w i l l  be d if fe re n t to the vertica l deformation moduli.
In order to f a c i l i t a t e  an easy interpretation of the results i t  
is important that the te s t  be made in such a manner as to ensure each 
of these phases can be d is t in c t ly  located within the volume-pressure 
plot.
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Fig. 3.18. A Typical Curve for a Standard 
Pressuremeter Test
In the second phase where the stress and stra in  are proportional, 
the value of Youngs Modulus can be determined as follows (Gibson and 
Anderson, 1961):
E -  2 (1 ■+ v) Vq (3.16)
where Vo is the average volume of f lu id  in the probe during section I I
dp is the change in pressure of the probe during section I I
dv is the change in volume of f lu id  in the probe during section I I
I t  is apparent that the reciprocal of the gradient of the pressure- 
volume curve is easily used in equation 3.16 provided a value fo r  
Poissons Ratio is estimated for tests performed in sands.
The pressure meter has been used to determine the Youngs Modulus 
on a soft sensitive clay by Roy et al (1976), where i t  was found to 
vary l in e a rly  from 2MN/m2 to 6.5MN/m2 at depths of 2m and 9m respectively. 
A comparative study between the Youngs Modulus determined by both 
pressure meter and plate loading tests was made by Meigh and Greenland 
(1965) who concluded that there was reasonable correspondence of the 
results for Youngs Modulus determined by these two in s itu  methods.
Palmer (1972) re-analysed the pressure meter problem assuming 
an undrained saturated soil deforming in plane stra in  with axial 
symmetry in the vertica l d irection. Using these assumptions he 
developed a graphical method for determining the Shear Modulus of a 
s o il .  The procedure is as follows (Figure 3.19):
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1. Estimate the orig inal value of the horizontal to ta l stress 
in the ground at the depth of the instrument (e.g. use of 
typical pressure-volume curve such as Figure 3 .18).
2. At each stage of the tes t determine the change in volume
AV of the measuring c e l l ,  measured from the reference state  
of the estimated in s itu  horizontal stress, and the current 
volume of the c e l l .
3. Plot the ce ll  pressure i p against log (AV v ) .  Using this  
graph the shear stress-shear strain relationship can be 
found by using
y i = (1 -  AV/V) '  -  1 (3.17)
where y 2 is the principal extension.
4. The Shear Modulus is then determined by plotting the ce ll  
pressure, \ p ,  against the principal extension, y l 9  and 
determining the slope of this plot at zero principal extension.
Palmer applied the above method to the data presented by Gibson and 
Anderson (1961) and obtained a value of 10000 kN/m2 fo r  the Shear 
Modulus of London clay. The undrained Youngs Modulus as determined 
by Gibson and Anderson was 4243 p .s . i .  (29255 kN/m2). Id e a l ly ,  because 
the soil is in the undrained condition the Poissons Ratio is one h a lf ,  
substituting this in equation 3.2 produces the resu lt that the Shear
i
Modulus should be one th ird  of the Youngs Modulus. Comparing the values
obtained by Palmer, and Gibson and Anderson, il lu s tra te s  that the 
Shear Modulus is ju s t  over three times the Youngs Modulus, therefore  
good agreement was obtained using two d iffe re n t methods of interpreting  
the data from the pressure meter tes t.
3 .3 .5  Seismic Method
The seismic method is already an established technique for  
finding the e la s t ic  moduli of rocks and i t  is now beginning to be 
applied to soils ,especia lly  clays (Anderson and Woods, 1975; Stokoe and 
Abdel-razzak, 1975).
The equipment required is an oscilloscope connected to two 
vertica l velocity  transducers and a triggering device together with an 
impulse rod and s trik ing  mechanism such as a hammer.
The normal procedure is to use the cross-hole method which employs 
two para lle l boreholes approximately 3m deep and 4m apart. Situated 
in one borehole is a velocity transducer connected to the oscilloscope, 
in the other borehole is the impulse rod which has a velocity  transducer 
connected to i t  at the ground surface with an output to the 
oscilloscope. The test is conducted by applying a vertica l impulse to 
the impulse rod (e.g. s trik ing the impulse rod with a hammer), 
compression and shear waves are then generated in the soil at the base 
of this rod. The a rr iva l of these waves in the second borehole is 
recorded by the velocity  transducer and oscilloscope. A measurement is 
made of the time for the horizontally trav e ll in g  compression and shear
waves to travel between two points within the soil (Figure 3 .20).
The analysis requires that the speed with which the f i r s t  and 
second a rr iva l waves travel through the soil is known. This is achieved 
by determining the speed of.the  waves using the oscilloscope trace 
(Figure 3.20) and measuring the distance between the boreholes. The 
Shear Modulus and Poissons Ratio can then be evaluated from the following 
equations (Ballard and McLean, 1975):
G = Vs2 p (3.18)
Vs\2
v = 1 '  2 W d  (3.19)
2 • 2 (T
where Vs is the shear wave velocity  (second a r r iv a l )
Vc is the compression wave velocity  ( f i r s t  a r r iv a l )  
p is the density of the soil at the test depth
Using a seismic technique Anderson and Woods (1975) compared 
seismic ve loc ities  and hence Shear Modulus values determined both in 
situ  and in the laboratory for a variety  of so ils . The laboratory 
equipment was in the form of an instrumeted t r ia x ia l  ce ll as described 
by Hardin and Black (1968). They concluded that the laboratory tests  
provide a good prediction of shear wave velocity  in s itu , and therefore  
a reasonable prediction of the Shear Modulus in situ should be obtained,
Time
Trigger
trace
Fast
sweep
trace
Slow
sweep
trace
tp *—  ►
tp  is the time for the firs t arrival (pv/ave)  
ts is the time for the second arriva l?  s wave,/
Fig. 3 .2Q A Typical Travel Time Record for 
Cross Hole Shooting
3.3 .6  Back-Analysis
The method of back-analysis has been described in deta il in 
Chapter 1 section 1 .4 .1 . B rie f1y9 the ground movements produced by an 
existing construction-are measured and compared with the movements 
predicted by analytical method (e.g. the f in i t e  element stress analysis 
method). The deformation moduli are then adjusted to obtain a close 
match between the observed and predicted ground movements; these deformation 
moduli which correspond to the closest match are then used fo r  the soil 
(Cole and Burl and, 1972; Burland et a l , 1973; St. John, 1975;
Rodrigues, 1975; Creed, 1979). These investigators successfully 
related the undrained Youngs Modulus with depth for chalk (Burland et 
a l ,  1973) and London clay using the f in i t e  element technique of 
analysis.
3.4 laboratory Methods
3.4.1 The Ultrasonic Pulse Technique
The ultrasonic pulse technique is a non-destructive tes t which 
is commonly used to find the value of Youngs Modulus in materials such 
as concrete. Ward et al (1959) applied th is  technique to tes t specimens 
cut from block samples of London clay.
The equipment composed two piezoelectric  transducers connected to 
a pulse generator and a timing device.
The tes t procedure consisted of carefu lly  cutting test specimens 
out of a block sample, ensuring that the ends of which-the piezoelectric  
transducers were attached were approximately p a ra lle l .  A thin layer of 
vaseline was then smeared over the transducers to ensure a good contact 
between the transducer's and the tes t specimen. The two transducers 
were held together and an in i t i a l  time for a pulse trave ll in g  through 
the measuring system obtained. The transducers were then applied to the 
tes t specimen and the pulse times measured. From this pulse time, 
subtracting the in i t i a l  pulse time yielded the time for the pulse to
travel through the tes t specimen. The distance between the transducers
was then measured and the velocity of the pulse through the specimen 
obtained. Youngs Modulus can then be calculated from the following 
equation (Jones and G atfie ld , 1955):
E = X.2. p , ,C 1 .0  .1 ,2.v.) (3.20)
(1 - v)
where E is the Youngs Modulus 
V is the pulse velocity  
p is the material density
v is the Poissons Ratio
I t  can be seen that to use equation 3.20 a re l ia b le  value of Poissons 
Ratio had to be estimated, and the soils density determined.
For London clay Ward et al (1959) reported the Youngs Modulus 
determined using th is  technique to be of the same order as those values
i .
obtained from t r ia x ia l  tests on block specimens, however they did
suggest that i t  is best used to detect the presence of laminations as
well as a i r - f i l l e d  fractures caused by poor sampling.
The ultrasonic pulse technique equipment is l ig h t  and portable 
and may be used to test a soil as soon as a sample has been extracted  
from the ground. Fissures and laminations w i l l  a ffec t the ve locity  of 
the propagated waves. Accordingly, when obtaining samples care must 
be taken to minimise the effects of the mechanical sampling disturbance.
This technique is only suitable fo r  clays which are re la t iv e ly
uniform and contain few open fissures or laminations.
3 .4 .2  The Triax ia l Cell
Probably the most widely used laboratory apparatus for determining 
deformation moduli is the t r ia x ia l  c e l l .  I t  consists of a cy lindrical 
cell into which the test specimen is placed; the ce ll is then f i l l e d  
with water. Loads are applied to the tes t specimen in the form of an 
isotropic pressure, applied by the ce ll water, and a deviator load 
applied by a loading ram passing through the top of the c e l l .  The pore 
water pressure within the specimen can be drained to a constant back 
pressure or shut o ff  completely simulating the undrained condition 
(Bishop and Henkel, 1962).
The t r ia x ia l  tes t is an axi-symmetric test and so the general 
equation re la ting  stress to stra in  (equation 3.4) can be sim plified  
to:
>
(3.21)
E E
and
E
+ C1 ~ v) Ags
E
(3.22)
where Ae3 is the change in la te ra l strain  
Aei is the change in axial strain  
Aaj* is the change in e ffec tive  axial stress
Ag31 is the change in e ffec tive  la te ra l stress (e ffec tive  cell
pressure)
E is the Youngs Modulus
v is the Poissons Ratio
The above equations can be further sim plified fo r  the undrained 
case where v is 0 .5 , therefore:
Using the above equations the values of Youngs Modulus and Poissons 
Ratio can be determined from any t r i a x i a l •te s t. .
(3.23)
E
Ae3 = A - ( £ 3 . 1 a 1.) = Ael (3.24)
2E 2
The normal tes t procedure is to consolidate a test specimen 
iso trop ica lly  where ty p ic a lly  the consolidation pressure is equal to 
the estimated overburden pressure or some proportion thereof. After  
consolidation the ce ll pressure is maintained at a constant pressure, 
and the deviator load- is increased at a constant rate of axial strain  
to fa i lu re .  Throughout the test,measurements are taken of vertica l  
and horizontal stresses and stra ins. In addition the pore water 
pressure and volume change are measured when necessary.
From the data obtained during the tes t  the Youngs Modulus is 
normally evaluated at a stress level of \  or 2/ 3 the fa i lu re  stress 
(Simons and Som, 1970). The undrained Youngs Modulus is re la t iv e ly  
simple to evaluate using equation 3.21, which as the ce ll pressure is 
constant reduces to
E = (3 .25)
Ae i
To evaluate Poissons Ratio however the la te ra l s tra in , e3, has to 
be measured. This can be achieved using a ca liper (Bishop and Henkel, 
1962; Menzies et a l ,  1977) which measures the deformation along a 
diameter at the centre of the test specimen. This measurement w i l l  
give the maximum la te ra l stra in . An indirect method for evaluating 
the la te ra l stra in  is to measure the volume change and by e lastic  
theory:
where Aev is the change in the volumetric strain.
For small strains this integrated la te ra l strain probably gives 
useful resu lts , because the overall shape of the sample does not change 
s ig n if ic a n tly  (Bishop'and Henkel, 1962). I f  a K0 consolidation is 
performed in the t r ia x ia l  ce ll (e.g. no la te ra l stra in  is allowed), the 
la te ra l s tra in  is zero, the change in ce ll pressure is known and 
therefore equation 3.22 reduces to:
v = — ■ —  ?-3-'-------  ( 3 . 2 7 )
(Aai' + A<?3 ' )
For axi-symmetric stress conditions the Shear Modulus is by 
d e fin it io n :
G = .( .p-i.! _.-—(13. ( 3 . 2 8 )  
2 ( e r  -  e 3 )
Two tes t  procedures can be performed to evaluate the Shear Modulus: a 
conventional t r ia x ia l  tes t as previously described, or a constant 
mean normal stress test (Domaschuk and Wade, 1969). To keep the mean
normal stress constant the axial stress is increased and the ce ll
pressure decreased so that the sum of the principal stresses is
constant. In this way the volumetric strain is held constant while the
deviator stress is increased.
The normal way of in terpreting the test data is to draw a graph 
of deyiator load versus deviator strain where the Shear Modulus is half
the gradient of the graph. Evaluation of the la te ra l stra in  now poses 
a problem because the ce ll pressure was changing constantly. Using 
equation 3.26 the deviator s tra in  becomes:
El  -  e 3 = -  ( 3 . 2 9 )
2 3
I t  can be seen from the above equation-that the no volume change 
condition reduces the deviator strain to 1| times the axial s tra in .
For tests on sands however, the only way of keeping a no volume change 
condition is to perform an undrained tes t ( i . e .  shut o ff  the back 
pressure duct) because the e ffe c t  of membrane penetration into the te s t  
specimen can a ffec t  the volume change measurement by up to an order of 
magnitude, depending on the porosity, p art ic le  size etcvof the te s t  
specimen (K a l te z io t is , 1976). Techniques are available fo r  compensating 
for membrane penetration but they require a separate series of 
experiments upon the test material (Roscoe et a l , 1963; Raju and 
Sadasivan, 1974; K a lte z io t is , 1976).
The de fin it io n  of Bulk Modulus requires that the applied stresses 
produce normal s tra ins , this condition corresponds to an isotropic  
stress change in the t r ia x ia l  ce ll and the Bulk Modulus can be determined 
from the following equation:
K = —  /  0 m' (3.30)
Vo
The tes t procedure is to apply incremental ce ll pressures to the tes t  
specimen and for each increment allow the test specimen to drain and 
then measure the volume change.
The data obtained from:this test procedure are. then used to plot  
a graph of volumetric stra in  versus mean normal e ffec tive  stress,the  
gradient of which is the Bulk Modulus.
While the e ffec t of membrane penetration upon measurement of 
test specimen volume change is not s ign ificant fo r  clays^for sands i t  
is s ign ificant and therefore has to be compensated for (ftoscoe et a l , 
1963; Raju and Sadasivan, T974; K a ltez io t is , 1976). These investigators  
found that there is an almost l inear  relationship between the amount of 
membrane penetration and the logarithm of the e ffec tive  ce ll pressure. 
Once the relationship has been established for the material under tes t  
i t  is a simple matter to correct the measured volume changes and 
determine the Bulk Modulus.
3 .4 .3  The Pedometer
The oedometer incorporates a c ircu lar brass ring which contains 
the test specimen. Porous stones are placed above and below the test  
specimen to f a c i l i t a t e  drainage and the whole assemblage is placed in 
an open ce ll of water. The vertica l load is applied through a top 
cap whose displacement is measured by a dial gauge. Some oedometers 
have been modified to measure the la te ra l stresses using stra in  
gauges bonded on to the oedometer ring (e.g. Som, 1968). Otherwise the
la te ra l stresses are calculated assuming K0 consolidation. This 
procedure assumes that the oedometer ring is s u ff ic ie n tly  r ig id  to 
give Kq conditions.
The tes t procedure is to load the test specimen v e r t ic a l ly  
(e.g. using a Bishop type load press) and to monitor the vertica l  
deformation. Using an oedometer is s im ilar to performing the 
special K0 consolidation test in the t r ia x ia l  c e l l ,  therefore the same 
equations 3.21 and 3.27 are used to determine the Youngs Modulus and 
Poissons Ratio.
The Shear Modulus can be determined from an oedometer te s t  
provided that the la te ra l stress is measured. Using the normal test 
procedure the condition of no la te ra l strain enables the Shear Modulus 
to be evaluated from the following expression:
G = ~ (3 .31)
2 .6 ,
The d e fin it io n  of Bulk Modulus is based on an isotropic state of 
stress which does not exist in real soils in situ  and hence the 
approximation of mean e ffective  stress has been used. Naylor (1975) 
related the Bulk Modulus to the mean normal e ffec tive  stress and voids 
ra t io .  The test procedure is s im ilar to that for K0 consolidation in 
an oedometer. A fter testing the test specimen is dried and weighed and 
the voids ra tio  determined for each stress increment. I t  was assumed 
that the sample is saturated so a change in void ra t io  is equal to a 
changi'^in volume-whev'e the fa m ilia r  voids ra tio  versus the logarithm of
the incremental load was plotted (Figure 3 .21).
At any point the current voids ra t io  is given by:
e = ex - A log P (3.32)
de = - A (3 .33)
dp " p . . .
Now volume change is related to voids ra tio  by:
aV - Ae' (3 .34)
Vo 1 + e0
where e0 is the in i t i a l  voids ra tio
dev = —  (3 .35)
1 + eo
Using equations (3.33) and (3 .35 ),
K = ^  + eo^  -  (3.36)
d e v  A
The Bulk Modulus determined by this method is not a s t r ic t ly  true  
one because soil behaviour is not l in e a r-e la s t ic  and therefore the mean 
normal stress w i l l  not represent an equivalent isotropic stress whence 
the derived Bulk Modulus w il l  be inappropriate to real soil behaviour.
A -B  Virgin consolidation 
B-C Over consolidation 
C-D Over consolidation 
D-E_ Virgin consolidation
A
Log of consolidation pressure 
Fig. 3.21. An Ideal e Log p Curve
3.5 Conclusions
Deformation moduli, as used in the past, were single valued 
numbers incorporated in a l in e a r -e la s t ic  analysis and were expected to 
model the behaviour of non-linear, e lasto-p lastic  s o il .  Clearly  
this is an unreasonable expectation because the e la s t ic  stress-stra in  
relationship has been shown to be s ig n if ican tly  d if fe re n t  from the 
elas to -p las tic  stress-stra in  relationship of a soil (e .g. Maklouf and 
Stewart, 1965).
The application of deformation moduli may be improved by employing 
f in i t e  element stress analyses which allow geotechnical features such 
as non-homogeneity, anisotropy, and non-linearity  to be incorporated 
(e.g. Burland et a l , 1973; Chowdhury, 1974; Desai and Christian, 1978). 
These techniques f a c i l i t a t e  back-analysis of f ie ld  performance to give 
in s itu  deformation moduli. In view of the various factors observed 
to influence the stress-stra in  behaviour of soils (e.g. stress history,  
stress path, e tc .)  i t  is to be expected that back-analysis using 
a r e a l is t ic  geotechnical analytical model w i l l  give appropriate f ie ld  
moduli which are d if fe ren t from those obtained from the conventional 
t r ia x ia l  tes t. For example, Atkinson (1974) reported that Youngs 
Modulus fo r  London clay determined from t r ia x ia l  tests were f iv e  times 
lower than those obtained from the back-analysis of several f u l l  scale 
structures and instrumented f ie ld  tests. This d isparity  is to be 
expected from the considerations given in th is  Chapter showing the 
dependence of soil s tress-stra in  properties on many factors which are 
not modelled in the conventional t r ia x ia l  te s t .  For example E, G and K
are affected s ig n if ic an tly  by the la te ra l pressure, while v appears 
to be barely affected. The stress history and stress level have been 
shown to influence the Youngs Modulus and Poissons Ratio s ig n if ic an tly .
On the basis of in tu it io n  and what l i t t l e  information is published, i t  
may be concluded that stress history and stress level w i l l  a ffec t  
sim ilar ly  Shear Modulus and Bulk Modulus. In particu lar the evidence 
presented i l lu s tra te s  that the stress-stra in  relationship of soil is 
highly stress path dependent, and therefore lo g ica lly  in s itu  f ie ld  
stress paths must be applied to a tes t specimen of soil in order to 
obtain r e a l is t ic  s tress-stra in  relationships.
While f ie ld  tes t methods for determining stress-stra in  relationships  
incorporate the s ign ificant affects of anisotropy, non-homogeneity and 
size of te s t  zone, the tes t does not necessarily apply a re a l is t ic  stress 
path to the s o il .  For example, a plate loading tes t does not represent 
the stress path experienced by a soil a t  the base of an excavation. In 
addition the pressure meter or seismic methods measure soil behaviour 
predominantly in the horizontal direction and accordingly derived 
parameters may be inappropriate to soils loaded or unloaded v e r t ic a l ly .
Using laboratory methods the values of Youngs Modulus and 
Poissons Ratio can be determined from one test only (e .g. a conventional 
t r ia x ia l  tes t)  while both drained and undrained tests have to be 
performed to provide s u ff ic ien t data to allow the determination of 
Shear Modulus and Bulk Modulus. This may be a contributory factor as 
to why l i t t l e  established data ore available for Shear and Bulk 
Moduli. In the oedometer a simulated KQ consolidation stress path is 
applied to a tes t specimen which would only produce the appropriate
deformation moduli i f  the soil was perfectly  e las tic . For example, 
the method of evaluating the Bulk Modulus using the oedometer assumes 
that the soil is perfectly  1 inear-e lastic  and therefore the mean of 
the applied to ta l stresses w i l l  produce the same volumetric stra in  as 
i f  an isotropic stress of the same magnitude was applied. I t  is now 
possible in a t r ia x ia l  cell to apply stresses of any stress ra t io  which 
when combined incrementally w il l  produce a generalised stress path.
The Automatic Programmable T r iax ia l tes t system has been developed which 
enables any stress path possible in the t r ia x ia l  ce ll to be applied to 
a test specimen of soil and is described in deta il in Chapter 4.
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CHAPTER 4
4.0 The Automatic Programmable Triax ia l Test (APTT) System
4.1 A General Description of the APTT System
The automatic programmable t r ia x ia l  tes t system equipment is 
shown in Figure 4 .1 . This system has been developed in order that any 
stress path th eo re tica lly  possible may be achieved in testing practice  
(Figure 4 .1 ) .  Thus quite complex stress paths may be followed giving 
data which are p art icu la r ly  apt to the geotechnical problem being 
investigated. The stress paths may simulate construction stresses in 
the f ie ld  or may be generalised to explore fundamental soil behaviour. 
This has been made possible in the APTT system by controlling the tes t  
servomechanisms from a desk-top computer via process controllers .
The computer also monitors the test specimen stresses and deformations. 
The system is automatic as well as programmable, the process controllers  
enabling automatic control of the cell pressure, back pressure and 
axia l load independent of the desk-top computer and an c il la ry  
instruments (Menzies, Sutton and Davies, 1977).
The equipment consists of four parts: the instrumented te s t  
specimen, the data acquisition devices, a central contro ller (the 
computer), and the controlled servomechanisms, a l l  of which are arranged 
in a control loop as i l lu s tra te d  in Figure 4 .2 . Test output parameters 
from the instrumented soil specimen are measured by transducers 
monitoring axial load, ce ll pressure, back pressure, axial deformation, 
radial deformation and tes t specimen volume change (Figure 4 .3 ) .  These
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Figure 4.3
analogue outputs are p erio d ica lly  switched in turn to an analogue- 
d ig ita l converter by a scanner controlled by the computer. The 
resu lting information is then passed into the computer along the 
in terface bus which links the computer with a l l  the peripheral 
instruments (Figure 4 .4 ) . The computer then converts th is  d ig ita l 
information into engineering units. On the basis of th is  up-dated 
information the computer outputs d ig ita l instructions to the d ig ita l- 
analogue converters which output corresponding latched analogue signals 
to the process contro llers  contro lling  ce ll pressure, axia l load, 
or back pressure (Figure 4 .4 ) . These analogue reference signals are 
scaled to correspond to an appropriate stress or load. Accordingly, 
the servomechanisms generating ce ll pressure, back pressure and axial 
load are autom atically driven to give measured feed-back signals which 
correspond to the applied reference signals (Figure 4 .5 ) . In th is  way 
any applied stress path is constrained to coincide with the programmed 
stress path. The data obtained from the te s t specimen are tabulated  
on a lin e  p rin te r and any relationship between these parameters plotted  
on an X-Y p lo tte r .
4.2 System Equipment
4.2 .1  System C ontroller
The central co n tro lle r fo r the en tire  system is a Hewlett-Packard 
9825A desk-top computer, which possesses a to ta l storage capacity of 
16K bytes of memory. In addition ,three Read Only Memories (ROM) were
in sta lled  to f a c i l i ta te  re la t iv e ly  simple control of the peripheral
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devices. The peripheral devices are connected to the computer by an 
in terface bus which enables the computer to communicate with each 
peripheral device to control an operation or read in information.
4 .2 .2  Data Acquisition
Data acquisition requires the conversion of analogue signals to 
a d ig ita l form, and then to pass th is  information to the computer.
A Hewlett Packard 3495A scanner is used in the system to switch 
d iffe re n t analogue signals into the analogue-digital converter as and 
when required. A Hewlett Packard 3490A multimeter is  used to perform 
the analogue-digital conversion. The computer controls the way in
which the multimeter operates by selecting the voltage type and range,
and instructs the multimeter when to send the information to the 
computer.
4 .2 .3  Control of the Process Controllers
To control the process controllers the computer instructs a
Hewlett Packard 5930A dig ital-analogue converter (DAC) to convert the 
d ig ita l information into an analogue form. The digital-analogue  
converter can be controlled manually or by remote control to select 
three d ig its  from an input d ig it  s tring . The resulting analogue 
signal is accurate to O.Olv and can provide voltages up to ± 9.99v.
A latching mechanism maintains a constant analogue output u n til a 
d iffe re n t output is required.
4 .2 .4  Process C o n tro lle rs
Operating within the system there are three process controllers  
contro lling  the pore water pressure, ce ll pressure and deviator 
load (Figure 4 .6 ) . Each contro lle r can be operated manually using a 
d ig it  switch or by remote control from the computer. Manual control 
is normally used i f  the controlled parameter is required to be maintained 
at a constant value, such as a constant back pressure, while remote 
control enables the controlled parameter to be continually adjusted by 
an external varying reference signal.
A schematic diagram il lu s tra tin g  how a process co n tro lle r works 
is presented in Figure 4 .7 . I t  can be seen from Figure 4.7 that there 
are three separate elements to the major control loop: the feed-back 
element, the output to the controlled system, and the input of a 
reference s ignal. E ssen tia lly , the positive feed-back signal monitoring 
the controlled system is compared with a negative reference signal.
This reference signal is set by the d ig it  switch fo r local mode 
operation or by an input analogue signal on remote mode operation from 
the computer via a d ig ital-analogue converter. A fter comparing the 
feed-back and reference signals fo r sign and magnitude by algebraic  
addition the resulting signal is termed the error or actuating s ignal, 
which is then am plified. I f  a fte r  am plification the size of the error 
signal is greater than a pre-set l im it ,  set by the gain potentiometer, 
a fu rth e r signal is produced which is sensitive to both sign and 
magnitude of the erro r signal and drives the controlled system 
accordingly to elim inate the excess error signal and thus generate a
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feed-back signal equal to the reference s ignal. In th is  way the 
system is continuously driven to ensure th a t the. controlled quantity is  
determined by the reference signal.
Before a process con tro lle r is used i t  has to be calibrated by 
scaling the feed-back signal to the reference signal. This is achieved 
by using the potentiometers situated on the fron t of the process 
co n tro lle r (Figure 4 .6 ) . The method of ca lib ra tio n  is to zero both the 
feed-back signal and reference signal and adjust the zero potentiometer 
u n til no error between the signals ex is ts , as indicated by the error 
meter positioned on the process con tro lle r operating panel. A s im ilar  
operation is then performed with the feed-back and reference signals 
at th e ir  maximum values, and using the span potentiometer. The signals 
are now scaled fo r any position between the zero and maximum feed-back 
leve ls . Typical ca lib rations for the ce ll pressure and back pressure 
controllers are a setting of 800 on the d ig it  switch or an analogue 
signal of 8v corresponding to a pressure of 80 p .s . i .  (551.6 kPa). For 
the deviator load a d ig it  switch setting o f 999 or an analogue signal of 
8v corresponded to a feed-back level of lOOmV. With these 
ca lib ra tio n  settings the accuracy of control of the ce ll pressure and 
pore water pressure systems is approximately 1.5 kPa, and the 
deviator load is accurate to approximately 40N. These inaccuracies 
arise from the degree of response of the controlled systems to 
changing inputs. This net in s e n s itiv ity  accrues from a combination of 
the following factors:
( i )  the inherent deadband of the process co n tro lle r which 
allows a varia tion  in feed-back signal fo r a given 
reference signal o f about 0.1% on maximum gain,
( i i )  the DAC’ s are incremental devices having a step size of 
0.01V,
( i i i )  each minor control loop is composed of solid state
electron ic  components which have a specified tolerance 
on accuracy and which are subject to d r i f t  owing to 
temperature e ffe c ts , ageing, etc.
In i t ia l l y  the process contro llers  were designed to fa c i l i t a te  
continual development, by t r ia l  and e rro r, u n til they performed 
s a tis fa c to r ily  (Figure 4 .6 ) ,  which took several months. Four major 
developments were necessary to obtain satis factory  control:
( i )  The zero feed-back level of the transducers was not a t  
zero output, as assumed by the process co n tro lle r and 
accordingly a zeroing potentiometer was added to correct 
fo r th is  zero o ffs e t. In additionythe in ternal reference  
voltage gradient was linearised by the insertion of 
res isters  into the reference c irc u it  board.
( i i )  The feed-back level of the transducers spanned several
of the pre-set feed-back input leve ls . This was corrected 
by adjusting one input gate to accept any feed-back level 
from OV to 4V.
( i i i )  Prelim inary tests revealed the need to increase the
am plification  of the error signal and actuating s ign a l, to 
increase the s e n s itiv ity  of the process c o n tro lle r. This 
was achieved by replacing the appropriate am plifie rs .
( iv )  F in a lly , i t  was observed during prelim inary tests on the 
pressure controllers that an in s ta b ility  arose when 
selecting a d iffe re n t level fo r the controlled parameter 
(e .g . ce ll pressure). This was manifested by the c o n tro lle r  
overshooting the selected feed-back level and "hunting" 
fo r the correct position. The e ffe c t was probably caused 
by the mechanical gain due to the softness in the system 
from entrained a ir  together with the expansion of the 
connecting pipes and t r ia x ia l c e l l ,  and the high s e n s it iv ity  
of the process co n tro lle r. To elim inate "hunting" the 
a .c . motors were replaced by th y ris te r-c o n tro lled  shunt- 
wound d .c . motors which made the speed of the motor 
proportional to the size of the error s ignal, with a 
lim itin g  maximum speed. With th is  apparatus the motors 
slow down as the correct feed-back level is approached and 
stop without overshoot at the correct position.
4 .2 .5  The Servomechanisms
The pressure servomechanisms (Figure 4 .5 ) controlled by 
the process controllers consist of a pressure control cylinder 
driven through a telescopic shaft by an e le c tric  motor and 
gearbox. An output signal from the process co n tro lle r controls 
the motors which in turn change-the pressure in the control 
cylinders and hence the controlled systems of c e ll pressure or 
pore water pressure. Bourdon gauges situated upon the pressure 
boards give an approximate visual display of the c e ll pressure 
and pore pressure in the system.
In i t ia l l y  the motors were of the constant speed a .c . type 
producing a maximum torque of 35 lb ins. As described in the 
previous section, to elim inate overshoot in the system th y ris te r  
controlled d .c. motors of the same torque replaced the a .c . 
motors.
4 .2 .6  The Loading Frame
The loading frame used in the system was a Wykeham Farrance 
10 ton stepless speed loading frame. Electronic modifications to 
the loading frame's control un it enabled i t  to be controlled  
d ire c tly  from the computer via a process c o n tro lle r, and s tra in -  
controlled or stress-controlled tests could be performed. For
stra in -co n tro lled  tests the electronics were scaled to provide 
the maximum motor speed of 1500 r.p.m . when the d ig it  switch 
setting on the reversing unit^was 500 and an analogue signal of 
5V was input to the reversing u n it. In addition there are two 
speed ranges which provide maximum^strain rates of 49.83mm/min 
or 0.5033mm/min with the maximum motor speed of 1500 r.p.m .
For each speed range the motor speed, and therefore the ra te  of 
s tra in , is controlled by the d ig it  switch setting on the reversing 
u n it, or by the analogue signal input into the reversing u n it, 
or by both. Reversal of the d irection  of stra in  is achieved by 
changing the sign of the analogue signal only. Stress-controlled  
tests require the process co n tro lle r to be connected between the 
reversing u n it and the computer controlled digital-analogue  
converter; the feed-back signal being provided from the deviator 
load transducer. Arranged in th is  way the maximum speed of 
loading is controlled by the d ig it  switch setting on the reversing 
unit and the applied deviator load is  controlled from the computer 
using a closed loop sim ilar to that described in Section 4 .2 .4 .
4 .2 .7  Lateral Deformation Measurement
The measurement of the la te ra l deformation is achieved by a ca lip er
which f i t s  around a diameter of the te s t specimen. A lin ea r varying 
displacement transducer (L .V .D .T .) is positioned on the ca liper  
(Menzies, 1976 (b ); Figure 4 .8 ) . The ca lip er is a c irc u la r lever 
cut from transparent ac ry lic  p late  which touches the te s t specimen along 
a diameter; any deformation “occurring along th is  diameter is detected 
and enlarged by the ca lip er and measured by the lin e a rly  varying displacement 
transducer situated at the jaws of the c a lip e r. The analogue output 
signal from th e  L.V.D .T. can then be used to monitor the la te ra l 
deformation and to control the c e ll pressure fo r a K0 consolidation te s t.
The development of the ca lip er was as follows:
( i )  In i t i a l l y  the ca lip er was a normal ca lip er as supplied by 
Wykeham Farrance. Preliminary tests indicated th a t the 
springs closing the ca lip er were not s u ffic ie n tly  strong to  
hold the ca liper in position on the tes t specimen, and two 
perspex guides supplied a stickage resistance to the ca lip er  
movement (Figure 4.9 (a ) ) .  Replacement of the springs by 
an e la s tic  band positioned across the ca lip er jaws and the 
use of the transducer core fo r alignment improved the 
c a lip e r 's  performance.
( i i )  Subsequent examination of the te s t specimens a fte r  testing  
showed that the ca lip er pads may embed themselves s lig h tly  
into the te s t specimen, probably at the beginning when the 
te s t specimen was consolidated to a small e ffec tive  
stress. Doubling the pad area and reducing the tension 
in the rubber band elim inated th is  e ffe c t.
Figure 4.8
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( i i i )  Observation of the operation of the ca lip er during a 
KQ consolidation tes t indicated that a s ig n ifican t  
stickage s t i l l  existed in the c a lip e r's  operation 
which could only be a ttrib u ted  to the hinge. Dismantling, 
cleaning"and lubricating  the steel hinge and te flo n  
washer did not improve the c a lip e r's  performance. I t  
was decided, therefo re , to design a new type of hinge.
The mechanical hinge was replaced by a f le x ib le  polypropylene 
hinge which consisted of two notched strips  of polypropylene 
fixed  above and below the ca liper (Figure 4 .9 , (b ).
Between the notches there was approximately 1mm of 
polypropylene; the ca lip er was flexed u n til the area between 
the notches became very f le x ib le . This elim inated the 
stickage and the ca lip er performed smoothly and e f f ic ie n t ly  
with th is fr ic tio n le s s  hinge of notched polypropylene 
(Figure 4 .9 , (b ) ) .
The type of transducer used to measure the la te ra l deformation was 
the normal lin e a rly  varying displacement transducer, the o s c illa to r  
demodulator was separate to the transducer body ensuring th a t the section 
connected to the ca lip er is as small and lig h t as possible. The 
lin e a rly  varying displacement transducers operate when windings are 
excited by an a .c . voltage; a changein position of an armature changes 
the induction between the armature and winding and the output voltage 
changes. To enable d .c . to be the input and output from the transducer 
an o s c illa to r  demodulator was used to convert d .c. to a .c . fo r exc ita tio n  of 
the windings and a .c . to d.c. fo r monitoring the output s ignal.
C alibration of th is  transducer was identical to that of the ax ia l deformation 
transducer which is described in de ta il in Section 4 .2 .8 , and the 
ca lib ra tio n  fo r the fin a l transducer is presented in Figure 4.10.
During ca lib ra tio n  the output leads were also connected to the process 
co n tro lle r to account-for any current ta k e -o ff there might be during a 
Kq consolidation te s t. I t  was observed that there was a small current 
ta k e -o ff which affected the zero reading but not the ca lib ra tio n  in 
terms of ym per mV. The effects  of temperature changes were also 
found to  be in s ig n ific a n t because the water temperature remained much 
more stable than the ambient a ir  temperature.
The development of the la te ra l measurement is now described.
Because of the p o s s ib ility  of a current ta k e -o ff from the transducer by 
the process co n tro lle r during KQ consolidation i t  was decided to use 
two transducers on the c a lip er; one to control the process c o n tro lle r  
and the other to measure the la te ra l deformation. In th is  close 
proximity the transducers interacted with each other as evidenced by an 
unstable output from both transducers. This was because the transducers 
were sm all, so i t  was not possible to provide the magnetic and 
inductance screening which normal transducers possess. Increasing the 
separation between the transducers and using d is t i l le d  de-aired water 
in the ce ll reduced the e ffe c t , though i t  s t i l l  remained s ig n ific a n t.
The only solution therefore was to use one transducer only.
The transducer consists of a set of windings potted in epoxy 
resin and contained in a cy lin d rica l metal casing. A set of four wires 
contained in a f le x ib le  polythene sheath carried the input signal and 
the output s ignal. Under c e ll pressure i t  was observed th a t water leaked
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Fig 4.18 Calibration of Lateral Deformation Transducer
in to  the sheath and out o f the c e l l ,  and e ve n tu a lly  water entered the
windings, sh o rt-c ircu itin g  the output signal. This probably occurred 
because under pressure the polythene sheath’ deformed, allowing waterLto 
enter a void formed between the sheath and the resin. An attempt tort; 
re-pot the windings was unsuccessful because of the d if f ic u lty  in  
removing a l l  the a ir  voids from the resin. The voids would collapse
' v .
under pressure allowing water to enter the windings.
The ca lip er was then altered to accommodate a s im ilar type of 
transducer to that used fo r ax ia l deformation measurement (Figure 4 .8 ) . _ - /r fe u  
This transducer, although large and heavy, performed extremely well 
under pressure. I t  could not be used with a process co n tro lle r however.
because th e ir  operating frequencies resonated causing the process 
contro ller to become unstable. In addition the extra weight of the 
transducer required a stronger rubber band to hold the ca lip er in place ; j~ - \
and th is caused the ca lip er to embed i t s e l f  in to  soft samples. In 
addition , its  size allowed a clearance of approximately 2mm between 
the transducer and the c e ll wall which presented d if f ic u lt ie s  when 
lowering the ce ll top on to the te s t specimen without touching the 
ca lip er or transducer.
I t  was then decided to return to the orig inal transducer and place
- v7'.. I:?.-
i t  in a "s ilico n  sock". A sock which enclosed the transducer body, ’
core and the e x it of the connecting wires was made from la tex  rubber,
using the method described in Section 4 .2 . (Figure 4 .11 , (a ) ) .  -
E le c tr ic a lly  in e rt s ilicon  o il was syringed into the sock to replace  
a ll  the entrained a ir ;  transformer o il such as Shell Diala B could not
"n-.r
9
j-.TV-
be used because i t  destroyed the latex rubber. The sock holds the o il 
around the transducer and because the sock is  f le x ib le  there w ill be 
neg lig ib le  d if fe re n tia l pressure between the ce ll water and the s ilico n  
o i l .  Therefore,under pressure there w ill be no tendency fo r  water to 
enter the sock or move the lin e a rly  varying displacement transducer 
armature independently of the ca lip e r. Two cuts were made in the 
connecting w ire , on e ith e r side of the s ilico n  sock. This prevented 
the s ilico n  o il from migrating in to the connecting wire because water 
attempting to enter the connecting wire counteracted th is  e ffe c t by 
equalising the pressures. This solution was moderately successful 
fo r small time periods, but water did eventually enter the sock, 
probably by passing through the latex rubber membrane, and the sock had 
to be r e - f i l le d  with s ilicon  o il before each te s t.
F in a lly , a tru ly  submersible transducer was obtained from 
RDP Electronics Ltd. The body of th is  transducer is sealed and the 
connecting wires are protected in a re la t iv e ly  s t i f f  p las tic  sheathing 
to prevent ingress of water. The s t i f f  p las tic  sheathing can be 
annealed to any shape; i t  was annealed in the shape of a helix  of 
diameter intermediate between the te s t specimen diameter and the inside  
diameter of the c e ll .  The helix  thus formed a soft spring which 
accommodates any axial movement and eliminates any s ig n ifican t force 
exerted on the transducer. This solution has proved very successful 
(Figure 4 .11 , (b ) ).
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4 .2 .8  A x ia l Deformation Measurement
The axia l deformation was measured by a lin e a rly  varying displacement 
transducer which could accommodate movements of ± 12.5mm fo r a 
maximum output of approximately 4V. Using the conventional method of 
mounting the transducer or d ia l gauge on a cross-arm or proving ring  
connected to the loading ram and measuring the re la tiv e  movement between 
th is point and the ce ll top may provide an erroneous measure of ax ia l 
deformation of the tes t specimen. The error may arise from an 
eccentric seating of the loading ram on the loading platen,whence the 
loading ram may bow causing the cross-arm carrying the transducer to 
ro tate  accordingly. In addition changes in ce ll pressure w ill move 
the top plate of the ce ll causing a fu rther error in the axial deformation 
measurement. In order to avoid the p o ss ib ility  of these effects  the 
transducer was connected r ig id ly  to the ce ll base and the armature 
connected by a steel rod to the s t i f f  cross-beam, as il lu s tra te d  in 
Figure 4 .3 . This elim inated any effects of eccen tric ity  and ce ll 
pressure deformation leaving only a correction to be applied to ax ia l 
deformation fo r compression of the diaphragm in the deviator load c e ll .
To ca lib ra te  the transducer i t  was energised to warm to its  normal 
operating temperature, while the body was firm ly  held in a r ig id  support 
and the armature connected to a micrometer screw. The position of the 
core was then changed and the corresponding transducer output and 
micrometer reading noted. This information could then be plotted and a 
least squares regression applied to obtain the lin e  of best f i t  as 
presented in Figure 4.12.
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Fig 4.12 Calibration of Axial Deformation Transducer
The temperature d r if t .o v e r  a period of 20 hours in the laboratory  
was observed to be 2°C. During th is  time the change in reading of the 
transducer corresponded to a distance of 3 ym.
4 .2 .9  Volume Change Measurement
The measurement of volume change.during drained tests was achieved 
by a Wykeham Farrance e lectronic volume change device based on a 
concept given by Menzies (1975) and is shown in Figure^.4,,5.
Before ca lib ra tio n  of the device the transducer was energised 
to a tta in  its  normal operating temperature and a back pressure of 
approximately 210 kPa applied to simulate the tes t conditions. The 
ca lib ra tio n  procedure was to incrementally pass water through the device 
and into a measuring cy linder, noting the transducer output and the 
volume of water passed through the device fo r each increment. The 
results of the ca lib ra tio n  are presented in Figure 4.13 together with 
the lin e  of best f i t  obtained from a least squares regression analysis. 
The to ta l amount of volume change availab le  was 100ml and the device 
as calib rated  in th is way was accurate to approximately 0.1ml, owing to 
the inaccuracy of the measuring cylinder.
Only d is t i l le d  de-aired water was used in the back pressure 
system in order to elim inate any effects caused by volume changes of 
entrained a ir .  For a constant back pressure there is no volume change 
of the connecting pipes.
correlation degree 0.99975 
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Fig 4.13 Calibration of The Volume Change Device
4.2.10 Measurement o f  the Cell Pressure and Pore Pressure
The measurement of the c e ll pressure and pore pressure was 
achieved using Bell and Howell unbonded s tra in  gauge pressure 
transducers. The transducer operating ranges were 0-1034 kPa and 
0-689.5 kPa fo r  the c e ll pressure and back pressure respectively.
For both pressure ranges the output at maximum pressure was approximately 
40mV. Each transducer was fixed in to a connector block which enables 
valves to be positioned on e ith e r side of a pressure transducer. The 
connector blocks enabled easy de-airing of the transducer, fa c il i ta te d  
the insertion of the transducer into any pressure lin e , and prevented 
detrimental pressures being applied to the transducer, p a rtic u la r ly  
negative pressures.
To ca lib ra te  each transducer a pressure cylinder and Bourdon gauge 
were used to apply a known pressure, and fo r each pressure the transducer 
output was noted. A least squares regression was performed upon the 
pressure-output data to obtain a lin e  of best f i t  giving resu lts  fo r  
the c e ll pressure and pore pressure transducers as presented in 
Figures 4.14 and 4.15. Pressure transducers are sensitive to changes 
in the ambient temperature. To minimise the effects  caused by 
changes in temperature each transducer body was encapsulated in an 
a ir-en tra in in g  polyurethane foam. The d r i f t  of the transducer was 
then measured a t a pressure of 40 kPa fo r 20 hours during which time 
the maximum temperature change was 2°C and the change in transducer 
output corresponded to 0.5 kPa.
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Fig 4.14 Calibration of Cell Pressure Transducer L98466
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Fig 4.15 Calibration of Pore Pressure Transducer L53489
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I t  is in teresting  to note that the ca lib ra tio n  of a pressure 
transducer changed a fte r  i t  had been removed from a connector block 
and washed out. During washing an accumulation of s i l t y  partic les  was 
removed and must have been the cause of the change in c a lib ra tio n . 
Comparing the calib rations before and a fte r  washing the zero output 
value had changed by approximately 30 kPa but the change in p .s .i./m V  
did not change s ig n ific a n tly .
4.2.11 Deviator Load Measurement
An Imperial College in ternal load ce ll with a maximum load 
capacity of 27kN fo r an output of approximately 150mV was used to measure 
the deviator load. The deviator load was measured w ith in  the t r ia x ia l  
c e ll and therefore no correction was necessary. In addition ,the design 
of the load c e ll elim inated the necessity fo r the conventional 
correction fo r upthrust on the loading ram. The load ce ll consists of a 
loading ram connected to a tricorn-shaped f le x ib le  steel diaphragm 
which is held in  a r ig id  steel frame. Strain gauges are bonded on to 
each of the three arms of the diaphragm which is immersed in  o il and 
contained in a rubber membrane. Any external c e ll pressure change is  
transmitted through the membrane to the o il surrounding the diaphragm 
and thus no deflection of the diaphragm occurs,whence the load measurement 
is independent of the c e ll pressure.
To ca lib ra te  the load c e ll a Bishop's type oedometer was modified 
to apply the loads; th is  arrangement is il lu s tra te d  in Figure 4 .16 .
Before ca lib ra tio n  began the load c e ll was loaded and unloaded several
Figure 4.15
times to minimise the e ffects  of hysteresis. Thereafter, fo r each 
applied load the corresponding load ce ll output was noted. A least 
squares regression analysis was applied to these results to obtain 
the lin e  of best f i t ;  th is  data are presented in Figure 4.17. A fter 
cycling the applied load several times there was a small amount of 
hysteresis as shown in Figure 4.18. The erro r caused by the 
hysteresis was found to be approximately 0.2% of the applied maximum 
load. The load ce ll was recalibrated one year a fte r  testing began and 
i t  was observed th a t the zero load output had moved but the 
relationship  between load and output did not change s ig n fican tly  
(Figure 4 .19 ).
To record a load the f le x ib le  steel diaphragm has to deform to 
produce a change in output; th is  deformation has to be accounted fo r  
when computing the axia l deformation. To obtain th is  deflection  per 
unit applied load a d ial gauge mounted above .the ram recorded the 
deflection fo r each load increment during ca lib ra tio n  (Figure 4 .1 6 ). 
The results of th is  correction are presented in Figure 4.20 and were 
used in the computer program to calculate the axia l deformation.
4.2 .12 Power Supplies
The APTT system is e lectronic and,as such,all the control 
equipment and data acquisition equipment is  operated from the 
240V a .c . mains supply. I t  was decided that a l l  the measuring 
transducers would be standardised to 10V d.c. to enable them to  
be excited from the same power supply. The power supply used was 
a Hewlett Packard 6226B s tab ilised  power supply. The d r i f t  of the
correlation degree 0.
Y=-l.93741+0.02261*X
10..
essU”3 CSJ
Applied Load (lbf)
Fig 4.17 Calibration of Load Cell
: Applied Load (lbf) 
Fig 4.18 Hysteresis of Load Cell
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supplied voltage over 20 hours was approximately ImV. The one 
exception, however, was the la te ra l deformation transducer which was 
powered by a ± 15V power unit supplied by Technidrive Ltd.
4 .2 .13  The Test Specimen Rubber Membrane
In itia lly ,co m m e rc ia lly  availab le  membranes were used to envelope 
a tes t specimen. Several tes t specimens fa ile d  however, because of 
imperfections in each membrane giving ris e  to leakage. Accordingly, 
la tex rubber membranes were made using a method based on th a t suggested 
by Menzies and P h illip s  (1972). The specia lly  made membranes possessed 
a more consistent thickness of approximately 0.33mm and were almost 
imperfection free  ( i .e .  they contained no a ir  holes). The same 
membrane was used throughout the testing program.
The basic method fo r producing a rubber membrane was described 
in d e ta il by Menzies and P h illip s  (1972). The most important feature
was to keep the membrane former clean a t a l l  times. The former was
a cy lin d rica l glass cylinder whose contact surface with the la tex  
had been sand,blasted to ensure good contact. Before dipping the former, 
i t  was cleaned with trichloroethylene and "Decon" in dustria l detergent, 
and then le f t  to dry. The former was then dipped in to  the coagulant,_  
methanol and calcium n itra te , and then placed in an oven fo r  
25 minutes at 70°C to dry. A fter cooling from the oven the former 
was then slowly dipped into a pre-vulcanised la tex  fo r  1 minute and 
slowly withdrawn, rotating  continuously to assist in forming a 
membrane of consistentthickness *, the membrane was then le f t  overnight
to cure and then stripped from the former and soaked in water fo r  
24 hours to remove any la te n t ammonia. The membrane was then dried  
and covered in chalk ready fo r use.
4.3 Programming and Equipment Arrangement
4.3.1 General Program Features
The software was w ritten  to enable a l l  the tests possible in a 
t r ia x ia l  ce ll to be performed autom atically, and therefore the software 
was designed to s u it a specific  equipment arrangement fo r a p a rticu la r  
tes t type. The program was constructed in a modular form because the 
operation of the peripheral devices was the same fo r any type of te s t.  
Differences occur in the program logic fo r contro lling  d iffe re n t  
tes ts .
A program can be separated in to parts which are common to a ll  
te s t types and parts which are unique to a p a rtic u la r te s t type; the 
general program arrangement is  il lu s tra te d  in Figure 4.21.
The peripheral devices which are controlled by the computer have 
to be in it ia lis e d  fo r each te s t to operate in the desired way. For 
example, the p rin ter has to be set to produce data in a tabular form 
on an A4 size sheet of paper (Appendix I )  and the p lo tte r  has to be 
adjusted to produce plots in the correct position on the graph paper 
and to the correct scale. S im ila rly , the d ig ita l to analogue converters 
have to be set to operate on certain figures of a d ig it  s tring , and the
end
data aquisition 
routines
data processing 
routines
specific test 
logic
initialisation
procedures
input of test 
control data
data display 
and storage 
routines
Fig. L  21. General Program Composition
analogue to d ig ita l converter set to operate on the correct voltage 
range and triggering  mechanism.
In order to control any p articu la r type of te s t, control 
parameters have to be placed in to the program at the beginning of a 
program (e .g . tes t specimen diameter, stress co-ordinates, e tc . ) .
For every type of tes t i t  is necessary to acquire as much data 
as possible and therefore a l l  the transducers are used. The 
acquisition of a l l  the analogue data is controlled by a subroutine 
called "scan" (Figure 4 .2 2 ). Simultaneously, the computer controls 
the scanner and multimeter to switch to each transducer in tu rn , read 
the analogue signal and then pass th is information to the computer 
in d ig ita l form. A flow chart i l lu s tra tin g  th is  process is  presented 
in Figure 4.22.
The d ig ita l information passed to the computer has then to be 
converted into engineering units to be used in the specific  te s t  
logic (Figure 4 .2 1 ). This is achieved by a set of subroutines, one fo r  
each transducer, which incorporates the lin e  of best f i t  ca lib ra tions  
discussed in Section 4 .1 . They also apply any erro r compensations which 
may be necessary (e .g . the deflection of the load c e ll under load 
when calculating ax ia l deformation). A typical data processing 
subroutine is presented in Figure 4.23.
For the deformations and the deviator load, zero readings must 
be taken at the beginning of a te s t to provide a datum from which a ll  
subsequent readings are measured. This procedure elim inates the necessity
Label scan
Record scan number (r1)
Scan channel number (s )
Set A.D.C. to remote
Next 
channel 
number S
Read A.D.C.
Store voltage 
in ( r 13 )
Read A.D.C.
Convert input voltage to 
millivolts and store TrS )
Clear scanner channel
/  HaveX 
the > 
required 
channels 
been 
scanned.
Return to program
FI G 4 . 2 2  SUBROUTINE FOR SCANNING
Label dev stress
Conversion of input m itlivoltage I r10 ) 
to applied load lbf (r20)
Is this 
the first 
reading
Compute applied load Kpa
v
Store ( r 2 0 )  
as zero 
readina ( r50)
Return to program
FIG 4.23 SUBROUTINE FOR DEVIATOR STRESS
fo r setting the transducers at th e ir  zero reading positions.
At some point during a te s t , data re la tin g  to the te s t specimen's 
response to the tes t procedure was stored fo r use la te r  or displayed 
to keep the te s t operator informed of the tes t specimen's status. The 
data were presented in three d iffe re n t ways; raw analogue data on a 
thermal p r in te r , tabulated data in engineering units on the impact 
p rin te r, and a general p versus q plot on the p lo tte r . I t  was normal 
to use a l l  three ways of presenting data to enable any errors to be 
located a t  a la te r  date. Throughout each tes t the s tress-s tra in  data 
were stored in an array using the computer core memory and a t the end of 
each tes t i t  was dumped on to magnetic tape for storage.
4 .3 .2  Kp Consolidation or Kp Swelling fo r Sands
The object of a te s t under KQ conditions of zero la te ra l s tra in  
is to monotoiically change the v e rtic a l e ffec tive  stress while 
simultaneously changing the horizontal e ffe c tiv e  stress in such a 
way as to ensure that there is no la te ra l deformation. A schematic 
diagram of how the equipment is arranged is shown in Figure 4.24. I t  
can be seen from Figure 4.24 that the equipment was arranged in three  
control loops; a constant back pressure loop; a constant te s t specimen 
diameter loop; and an overall control loop operating the deviator load. 
The constant back pressure loop was independent of the system and 
ensured that the pore water pressure remained constant throughout the 
te s t. S im ila rly , the constant te s t specimen diameter loop operated 
independently of the system, except a t the beginning of each te s t ,  when
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the feed-back reference signal was adjusted to re-define  the null 
position. Thereafter the loop maintains the tes t specimen's diameter 
to th is  null position. The overall control loop from the computer 
controls the deviator load using information from the other two 
control loops.
A flow chart il lu s tra tin g  the composition of the KQ software 
fo r sands is presented in Figure 4.25. The philosophy fo r controlling  
the tes t was to slowly change the deviator load in small increments, 
and to monitor the status of the tes t specimen a t regular time 
in terva ls . A fter a small change in the deviator load the ca lip er sensed 
any la te ra l deformation which was autom atically restored by an increase 
in ce ll pressure. When a deviator load increment had been applied and 
the ce ll pressure change between two successive scans was less than 
2 kPa the test specimen diameter a t the ca lip er had been restored to 
within 1 ym. The computer then acquired data re la tin g  to the tes t  
specimen status in the restored condition. These data we& then prin ted , 
plotted and stored. I f  the existing v e rtica l e ffec tive  stress was 
less than the required v e rtica l e ffec tive  stress input a t the beginning 
of the te s t , another increment of deviator load was applied and the 
sequence in it ia te d  again. When the required v e rtica l e ffec tive  
stress was exceeded by up to 10 kPa, axial loading was stopped.
The te s t specimen performance was thus the c rite rio n  fo r  tes t  
control and consequently any inherent imperfections w ithin the te s t  
specimen may have affected the te s t resu lts . For example, any local 
deformations or slipping around the ca liper may have produced irre v e rs ib le
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CFv' g r e a te r  
t h a n  th e  
r e q u ir e d  
le v e l
N O
Y E S
Oh w i t h in  
2kPa o f  t h e  
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\  r e a d in g
e n d
in p u t  d a t a
a c q u ir e  a n d  
p r o c e s s  d a t a
p r in t  p lo t  a n d  
s t o r e  d a t a
w a i t  a  s p e c i f ie d  
t im e  in te r v a l
c h a n g e  d e v ia to r  
s t r e s s  b y  
s p e c i f ic  in c r e m e n t
Fig. A. 25. Control of Ko Testing on Sands
s tra in s .
4 .3 .3  Stress Path Testing
The basic idea of a stress path is to apply to the test specimen 
v e rtica l and horizontal to ta l stresses simultaneously and in a constant 
ra tio .
A schematic diagram il lu s tra tin g  how the equipment was arranged 
to perform a stress path te s t is presented in Figure 4.26. The 
system was again composed of three control loops; a back pressure 
loop; c e ll pressure control loop; and a deviator load control loop.
The back pressure control loop operated independently of the computer 
to provide a constant pore water pressure fo r drained te s ts , or i t  
was switched o ff  fo r undrained tes ts . The ce ll pressure and deviator 
load control loops were controlled d ire c tly  by the computer.
The control philosophy of the stress path software is  presented _ 
as a flow chart in Figure 4.27. In i t ia l l y  the co-ordinates of the 
applied stress path in the v e rtica l and horizontal to ta l stress space 
were input into the program. On .the basis of th is information the 
stress path ra tio  K, K is the change in v e rtic a l to ta l stress over 
the change in horizontal to ta l stress, was computed and the type -of 
loading sequence selected. The possible loading sequences 
were an isotropic increase in ce ll pressure, a monotonic increase in 
axial load or a stress path increase in loading. Also, whether the 
stresses were increasing or decreasing had to be known. Accordingly
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the loading platen was driven in the appropriate d irection  a t a constant, 
slow rate (e .g . 20 ym/min). At frequent in terva ls  data re la tin g  to the 
current te s t specimen status wem obtained and, knowing the ve rtica l 
to ta l stress, the required horizontal to ta l stress to maintain the 
stress path was computed. Then an appropriate signal was issued to the 
c e ll pressure process co n tro lle r to a tta in  th is  new horizontal stress.
In th is  way, using a slow loading rate  and re la t iv e ly  fa s t data 
acquisition ra te , a smooth accurate stress path results (e .g . Appendix I I ) .  
I f  a fte r  data acquisition the current te s t specimen status is within  
5 kPa of a required horizontal stress and 7 kPa of a required v e rtica l 
stress,the stresses are held constant. Also, i f  a fu rth er stress path 
is required the process begins again with the selection of the load 
sequence.
Using a conventional t r ia x ia l  ce ll poses problems when contro lling  
the applied stresses because the ve rtica l stress on the tes t specimen 
is  composed of the horizontal stress and a deviator stress. Accordingly, 
any change in the horizontal stress ( i . e .  c e ll pressure) d ire c tly  
affects  the v e rtic a l stress. I t  was possible to control only the 
deviator stress and horizontal stress, and th is  presented problems i f  the 
required stress path involved t r ia x ia l  extension. I f  t r ia x ia l  
extension is required, a special top cap which is able to be r ig id ly  
connected to the load c e ll is  necessary to provide negative deviator 
stresses.
The software used to control the loading sequences are presented 
as flow charts in Figures 4.28 (a)and 4.28 (b ). Special cases arise
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where isotropic or monotonic loadings are required because the value 
of K is equal to one or in f in i ty .  A value of one fo r K produces a 
change in the horizontal to ta l stress calculated by:
AaD
Ach « _____  (4 .2 )
(K - 1)
which produces a d ivis ion by zero; th is  causes the computer program 
to stop. When K is  equal to in f in i ty  the horizontal stress should 
remain constant, w h ils t the deviator stress only is changed. In addition  
the d irection  of change, increasing or decreasing, has also to be 
accounted fo r as follow s. F irs t ly ,  a check is made to ascertain whether 
or not a change in horizontal stress is required. I f  i t  is not, a 
flag  is set to maintain a constant ce ll pressure and the d irection  of 
deviator stress change is calculated. Accordingly, an appropriate 
output is made to the deviator load process co n tro lle rs . A fla g  is 
a programmable indicator which can have a value of one or zero, and 
is set in the program to conform to maintain certa in  program procedure. 
When a change in horizontal stress is required i t  is  determined whether 
the change is  isotrop ic  or not. I f  the stress change is isotrop ic the 
sign of the stress change is determined and corresponding flags set to  
maintain a constant deviator load and a change in the horizontal 
stress. When both the v e rtic a l and horizontal stress changes are 
required the stress r a t io , K, is found and the sign of the deviator 
stress change computed. The deviator load is then instructed to 
change accordingly.
CHAPTER 5
5.0 Test Specimen and Testing Programme
5.1 The Test Specimen
5.1.1 Ripley Sand
The so il used throughout the investigation was Ripley sand.
The m aterial is a superfic ia l deposit from the old r iv e r  terrace of 
the r iv e r  Wey at R ipley, Surrey. The sand is composed of approximately 
8 0 % >  quartz with small quantities of f l i n t ,  chert, iron pyrites and 
shell fragments (Figure 5 .1 ) . The individual partic les  are re la tiv e ly  
smooth, subrounded to subangular with a spheric ity  of approximately 
0.35 according to Powers (1953).
The sand used in the investigation was that frac tion  retained on 
a sieve of mesh size of 2.5mm. The resulting p a rtic le  size d is trib u tio n  
is presented in Figure 5 .2 . According to BS 1377 the material can 
be described as a medium to coarse grained sand.
The specific  gravity  of the sand used was 2.72 as determined 
in accordance with BS 1377 using the specific  g rav ity  bo ttle  method.
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5 .1 .2  P reparation  o f the Test Specimen
The method used to prepare a saturated test specimen of sand 
was developed by Bishop and Henkel (1962). A modified form of 
procedure was employed to ensure consistent tes t specimens throughout 
the investigation.
Before preparation of a te s t  specimen'the sand was boiled in 
d is t i l le d  de-aired water for 20 minutes, then l e f t  to cool before 
pouring into the sample mould. S im ilarly, the porous discs were 
boiled to ensure they were completely de-aired. The cell and pore 
pressure systems were flushed through with de-aired water to remove 
any a ir .
To prepare the test specimen the rubber membrane was placed upon 
the pedestal and sealed by four rubber 'O' rings which ensure a good 
seal, and obtain tes t specimens of consistent height by resting the 
sample former upon the 'O' rings. D is t i l le d  de-aired water was then 
placed inside the membrane to ensure the porous disc was completely 
covered by water when inserted. The tes t specimen former was then 
placed around the pedestal and on top of the 'O' rings, and secured.
A perspex former was used to hold the membrane above the sample former, 
and raised and f i l l e d  with de-aired water so that the hydrostatic  
pressure would eliminate wrinkles forming in the membrane (Figure 5 .3 ) .  
Positioned over the perspex former was a large funnel which was f i l l e d  
with water and used to hold the sand (Figure 5 .3 ) .  When the funnel 
was f i l l e d  with sand and water the mixture was allowed to flow into the 
test specimen former. A rubber tube attached to the funnel e x it  regulated
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the speed of sand flow into the tes t specimen former. At two stages 
during the f i l l i n g  of the test specimen former the sample was tapped 
l ig h t ly  with a open-ended spanner to make the test specimen's partic le  
packing arrangement more stable. This ensured the test specimen did 
not f a i l  during subsequent preparation. After o v e r - f i l l in g  the tes t  
specimen former with sand the excess sand was removed using a sharp 
edged spatula and the top of the specimen prepared to accept the 
porous disc and top cap. To remove a ir  trapped beneath the top cap the 
membrane was f i l l e d  with water and the top cap manoeuvred to allow the 
a i r  to escape. T h ere a fte r  two ‘O' rings were applied to seal the 
membrane to the top platen. A suction of about 20 kPa was then 
applied to the te s t specimen in order to give i t  a positive state of  
e ffec tive  stress and thus allow the former to be removed without 
disturbance and to help the top platen bed in.
The sample height was then measured, the diameter known from the 
internal measurement of the former. Then the ca liper was positioned upon 
the tes t specimen, the ce ll top applied and the cell f i l l e d  with 
water (Figure 4 .12 ). Tables 5.1 and 5.2 i l lu s t r a te  the consistency of 
tes t specimens achieved.
A fter the application of a small ce ll pressure, which induced 
a positive pore pressure and allowed the pore pressure transducers 
to be switched into the system, the cell pressurewas applied, the pore 
pressure increase noted and the value of B computed. For several 
tests the value of T? was observed to be approximately 0.98. The f in a l  
back pressure was approximately 2 atmospheres or 200 kPa to ensure 
that any trapped a i r  was dissolved into solution. The ce ll pressure
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Fig 5.4 A Plot of Porosity Versus Density
was then approximately 220 kPa giving an in i t i a l  isotropic state of 
e ffec tive  stress of approximately 20 kPa.
5 .1 .3  Engineering Properties of the Test Specimen
The re la t iv e  density of a typical tes t specimen at the end of 
preparation was approximately 0.51 corresponding to a porosity of 
40% and a voids ra t io  of 65%. I n i t i a l l y  two tests were performed in 
accordance with BS 1377 to obtain the maximum and minimum densities.
To determine the maximum density the sand was compacted in layers 
inside a Proctor mould using a 2.5Kg rammer. The minimum density was 
achieved by allowing sand to f a l l  from a funnel through a rubber tube 
and against the wall of a Proctor'mould. These results are presented 
in Figure 5 .4 . Clearly, a porosity of 40% (typical for a tes t specimen) 
does not f a l l  within the two previous porosity lim its  determined by 
standard tests . To find the minimum density therefore, the sand was 
poured from a funnel through a column of water into the Proctor mould, 
sim ilar to the method used to prepare a tes t specimen. I t  can be 
seen from Figure 5.4 that this method provides a much lower density 
than the standard method. To check the maximum density a Proctor mould 
was f i l l e d  with sand, a 2Kg weight placed on top of the sand and the 
mould placed on a vibrating table for 2 minutes, s im ilar to the method 
suggested by Mehdiratta and T r ia n d a f i l id is  (1978). Again i t  can be 
seen from Figure 5.4. that this method achieved a greater maximum 
density. Using the two non-standard methods fo r  finding minimum and 
maximum densities, an approximate re la t iv e  density of 0.51 was computed.
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The value of c' for clean sand, which we used, is zero. To 
determine 0', four conventional consolidated undrained t r ia x ia l  tests  
were performed upon 1|" diameter tes t specimens. Each specimen was 
prepared in a s im ilar manner to those used in the investigation and 
the in i t i a l  porosities were, between 39% and 40%. The in i t i a l  consolidated 
e ffec tive  stresses varied from 7 kPa to 483 kPa; the resulting stress-  
strain  curves are presented in Figure 5 .5 . In addition ,th is  data was 
used to evaluate 0 ‘ , as shown in Figure 5 .6 ,and 0 ‘ was determined to 
be approximately 38.4 degrees.
5.2 The Testing Programme
The basic testing programme is summarised schematically by the 
chart given in Figure 5.7 and consists of a series of t r ia x ia l  tests 
performed on normally consolidated sand.
I t  may be seen from Figure 5.7 that the essential preliminary  
to a l l  tests was a KQ consolidation stage under conditions of no 
la te ra l strain,whereby the in s itu  soil was modelled and the value of 
KQ, the ra t io  of horizontal e ffec tive  stress to the vertica l e ffec t ive  
stress, was established (Chapter 6).
With the exception of the modelled fie ld-loaded in situ soil 
( te s t  type I ) ,  the next stage in the procedure was undrained perfect  
sampling by stress r e l i e f  to zero tota l stresses. This was followed 
by e ither  isotropic or anisotropic reconsolidation.
Various stress paths were implemented as follows (Figure 5 .7 ):
Test Type I
Here the construction-loaded in situ soil was modelled by applying 
the f ie ld  to ta l stress path to the KQ consolidated test  
specimen to give a continuous stress path. This te s t provided 
the basis for comparison with other tes t types. The fu l l  stress 
path is plotted in Figure 5 .8 . The construction to ta l stress 
path simulated in the tests described was that measured a t the 
Balderhead Dam (Vaughan, 1971). The computer was programmed with 
an idealised linear stress path which omitted the discontinuity  
caused by the winter shut-down period.
Test Type I I
Here the in s itu  soil was perfectly  sampled by tota l stress 
r e l ie f  under undrained conditions. A fter a b r ie f  period of 
ageing (approximately 15 minutes), the previous in s itu  to ta l was 
reimposed to anisotropically  restore the stress s ta te , and the 
pore water duct opened to the back pressure applied during KQ 
consolidation. The f ie ld  tota l stress path was then applied 
in both the undrained and drained modes. The applied stress 
path is presented in Figure 5.9.
Ve
rti
ca
l 
to
ta
l 
str
es
s 
kP
a
800
700 -
600
500 -
300
200
0 -  A ? test specimen preparation 
A -  B , K0 consolidation 
B -  C , construction stress path100
100 200 300 W0 500
Horizontal total stress kPa
Fig. 5.8
Ve
rti
ca
l 
to
ta
l 
str
es
s 
kP
a
800
700
600
500
400
300
0 - A ,  t e s t  s p e c i m e n  p r e p a r a t i o n  
A -  B , K q  c o n s o l i d a t i o n  
B - 0 ,  s a m p l i n g  s t r e s s  r e l i e f  
0 -  B, a n i s o t r o p i c  r e c o n s o l i d a t i o n  
B -  C, c o n v e n t i o n a l  t e s t  
B -  D,  c o n s t r u c t i o n  p a t h
200
100
100 200 300 400 500
Horizontal total stress kPa
FIG. 5.9
Here the anisotropically  reconsolidated test specimen was 
subjected to a conventional t r ia x ia l  compression tes t  where 
the axial to ta l stress was increased monotonically in both 
the undrained and drained modes. The applied stress path is 
presented in Figure 5.9.
Test Type IV
Here the perfectly  sampled soil was reconsolidated by applying 
an isotropic increment in ce ll pressure to two-thirds the 
previous vertica l to ta l stress (test type IV (a ))  or one-half 
the previous vertica l to ta l stress (tes t type IV (b ) ) .  The 
f ie ld  to ta l stress path was then applied in both the undrained 
and drained modes. The applied stress paths are presented in 
Figures 5.10 and 5.11.
Test Type V
Here the iso trop ica lly  reconsolidated tes t specimen was 
subjected to a conventional t r ia x ia l  compression tes t in both 
the undrained and drained modes. This tes t type simulated the 
stress history of test specimens sampled and tested in the usual 
way. The test specimens were reconsolidated to s im ilar stress 
levels as test types IV (a) and (b). The applied stress paths
are presented in Figures 5.10 and 5.11 ( te s t  types V (a) and 
V (b )) .
The results of the testing procedure are discussed fu l ly  in 
Chapters 6 and 7.
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Table 5.1 Test Specimen Data (Undrained Test)
Test
type
Test
no.
Height
(cm)
Volume
(cm3)
Porosity
%
Void
Ratio
%
Data
F ile
I
UA1
UA2
UA3
19.5
19.5
19.5
1562.3
1562.3
1562.3
39.3
39.8
39.6
64.8
66.1
65.6
r . t .  1 
r . t .  2 
r . t .  3
I I UBblUBb2
19.5
19.5
1562.3
1562.3 .
39.3
39.6
64.6
65.6
r . t .  6 
r . t .  7
I I I UD1UD2
19.5
19.4
1562.3
1554.3
39.4
39.0
65.0
64.0
r . t . 10 
r . t . 11
IV (a) UBa(2) 19.5 1562.3 39.0 64.0 g . t .  2
IV(b) UBalUBa2
19.5
19.5
1562.3
1562.3
39.4
39.4
65.0
65.1
r . t .  4 
r . t .  5
V (a ) UC(2) 19.5 1562.3 39.2 64.4 g . t .  3
V(b) UC1UC2
19.6
19.5
1566.3
1562.3
39.7
39.2
66.0
64.4
r . t .  8 
r . t .  9
Mean 19.5 1562.03 39.38 64.97
Standard
Deviation 0.04 2.37 0.25 0.7
Table 5.2 Test Specimen Data (Drained Tests)
Test
type
Test
no.
Height
(cm)
Volume
(cm3)
Porosity
n %
Void
Ratio
e %
Data
F ile
AT 18.8 15Q6.2 39.1 64.0 b . t .  5
A2 19.4 1554.3 39.0 64.0 b . t .  6
I A3 ■ 19.5 1562.3 39.9 66.3 b . t .  7
A4 19.5 1562.3 39.7 66.0 b . t .  8
A5 19.6 1566.3 40.1 67.0 b . t .  9
Bbl 19.5 1562.3 39.4 64.2 b . t . 13
I I Bb2 19.5 1562.3 39.3 65.0 b . t . 14
Bb3 19.6 1566.3 39.0 63.8 b . t . 15
I I I D1 19.5 1562.3 39.7 66.0 r . t .  0
Bal 19.5 1562.3 39.5 65.3 b . t . 10
IV(a) Ba2 19.4 1554.3 39.6 65.6 b . t . 11
Ba3 19.5 1562.3■ . ■ 39.5 65.3 b . t . 12
IV(b) Ba (2) 19.5 1562.3 39.5 65.5 g . t .  0
V (a) Cl 19.6 1566.3 39.4 64.2 b . t . 16
V ( b) C (2) 19.5 1562.3 39.3 65.0 g . t .  1
Mean 19.46 1558.29 39.47 65.15
CHAPTER 6
6.0 The Simulation of Kn Conditions in the Triax ia l Cell
6.1 The Case for Simulating Kp Conditions in the Triax ia l Cell
From the evidence presented in Chapters 1, 2, and 3 i t  is c lear that  
the magnitude of horizontal stresses in the ground has a major influence 
on the behaviour of a soil under load since this is stress path 
dependent (Chen, 1948; Ladd, 1964; Vesic and Clough, 1968; Wroth, 1975). 
Deformations and local y ie ld ,  particu la r ly  around excavations and 
underground openings, are affected to a marked degree by the changes 
in la te ra l stress that occur (Henkel, 1970; Morgenstern and Einstein, 1970). 
In addition,the crucial dependence of the in s itu  e ffec tive  stresses
on a r e a l is t ic  analytical model of strain-softening soil behaviour has 
been demonstrated by Lo and Lee (1973). The importance of commencing
tests on undisturbed soil specimens in the laboratory from the in s itu
stresses as datum has been pointed out by Davis and Poulos (1967) and 
Atkinson (1974). The estimation of in situ  Ko, the ra tio  of horizontal 
to vertica l e ffec tive  stress, is thus essential in order to achieve 
similitude between laboratory tes t models, analytical soil models and
the f ie ld  prototype (Menzies, 1976 (a ) ) .
6.2 A Summary of Previous Work
Various tests have been devised to measure the in s i tu .s ta te  of 
effective  stress d irec tly  or in d irec tly ;  a fu l l  account of most of the
tests available is given in Chapter 2. Field tests include hydraulic 
fracturing (e.g. Bjerrum and Anderson, 1972; Bjerrum et a l , 1972; 
Al-Shaik-Ali e t  a l ,  1977), load cells  (Brown, 1973; Hanna, 1973; 
Massarch, 1973) and pressure meters of d if fe ren t types (e.g. Menard,
1957; Kenney, 1967; Wroth and Hughes, 1973; Roy et a l , 1976).
In the laboratory, promising attempts have been made to re la te  
the to ta l pressure relieved by the sampling operation with consequential 
pore pressure changes measured in t r ia x ia l  test specimens prepared 
from the sample (Skempton, 1961; Bishop et a l , 1965; Knight and 
Blight, 1967). For undisturbed t r ia x ia l  tes t specimens of normally 
consolidated clay the in s itu  horizontal e ffec tive  stress has been 
estimated by a method analogous to finding the pre-consolidation 
pressure (Zeevaert, 1953; Poulos and Davis, 1972; Chang et a l , 1977). 
Andrawes and El-Sohby (1973) applied stress paths of d if fe re n t  stress 
ratios to sands measuring the consequential radial strain and then 
interpolating these data to determine the stress ra tio  required fo r  no 
la te ra l s tra in . Two types of laboratory tests ex is t at present to 
perform K0 consolidation and K0 swelling: tes t equipment which imposes 
the condition of no la te ra l strain  by preventing the tes t to strain  
la te r a l ly  (e.g. Gersevanoff, 1936; Hsu-Chi-In, 1958; Som, 1968;
Abdelhamid and Krizek, 1976); and that equipment which allows a 
small amount of la te ra l s tra in , then corrects i t  by applying a horizontal 
pressure (e.g. Terzaghi, 1920; Hunter, 1941; Binnie and Price, 1944). 
Manual control of K0 consolidation in the t r ia x ia l  cell has been 
fa c i l i ta te d  by using visual la te ra l strain indicators (Bishop and 
Henkel, 1962; Akai and Adachi, 1965). Automatic KQ consolidation
of t r ia x ia l  tes t specimens has been carried out in modified t r ia x ia l  
cells  (Davis and Poulos, 1963); and in conventional t r ia x ia l  cells  
connected to control systems (Bishop, 1958; Lewin, 1971; Mitachi and 
Kitago, 1976). The measurement^!ectronically,of la te ra l deformation 
of a t r ia x ia l  tes t specimen has been made using various la te ra l strain  
devices (Brown and Snatth, 1974; El Ruwayih, 1976; Menzies, 1976 (b ) ) .
6.3 A New System for Automatically Simulating K0 Consolidation and
Kp Swelling in the T riax ia l Cell
6.3.1 The Control System
A detailed description of the devices used to simulate K0 
consolidationand Ko swelling,together with the way in which they are 
assembled,is given in Chapter 4. The system is shown diagrammatically 
in Figure 6.1. The system consists of three control loops controlling  
the back pressure, cell pressure and deviator load. The back pressure 
loop maintains a constant pore water pressure and is controlled  
independently of the computer. S im ila rly , the cell pressure control 
loop operates independently of the computer and uses a feedback 
signal from the la te ra l strain transducer to maintain a. constant 
test specimen diameter. The application of the deviator load is 
d ire c tly  controlled by the computer. The deviator load was applied 
incrementally. Using information from the transducers monitoring 
the tes t specimen the computer was able to decide when to change the 
deviator load. In this way a small deviator load was applied and the 
independent control loops l e f t  to maintain constant the back pressure 
and test specimen diameter. When a l l  the control loops became
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stable the computer acquired the data re la ting  to the test specimen status, 
changed the deviator load and the process began again until the required
vertica l e ffec tive  stress was exceeded.
When automatically simulating K0 consolidation or KQ swelling in 
the conventional t r ia x ia l  ce ll the feedback signal to the cell pressure 
process contro ller is the output of a displacement transducer bridging 
the opening of the la te ra l strain ca liper (Figure 6 .1 ) .  The internal 
reference signal is set fo r  the transducer output prior to the 
application of an axial load. When the axial loading changes the 
diameter of the test specimen changes. This change is detected by the
la te ra l strain caliper giving a feedback signal above or below the
reference value, whereupon the process contro ller drives the servo­
mechanism accordingly. As the cell pressure changes the diameter of 
the test specimen is corrected until the error is eliminated. In this  
way the tes t specimen's diameter is kept within a pre-set tolerance.
After preliminary tes ts , to develop the system and method of performing 
Ko consolidation, operating on maximum s e n s it iv ity  the system detected 
changes in the tes t specimen diameter of less than 1 vim.
6 .3 .2  Development of the System
Using the system il lu s tra te d  in Figure 6.1 K0 consolidation and 
K0 swelling was simulated in a conventional t r ia x ia l  c e l l .  All 
tests were performed on 100mm by 200mm high cylindrical te s t  specimens 
of Ripley sand prepared in a loose state by depositing the sand 
through water to give in i t i a l  porosities of approximately 40%. A 
description of the material used and the sample preparation is given in
Chapter 5.
In i t i a l l y , t h e  tes t specimens were consolidated isotrop ica lly  to an 
effective  stress of approximately 20 kPa with a back pressure of 
approximately 200 kPa.' The te s t  specimens were then a x ia lly  loaded and 
unloaded. The loading frame applied a constant rate of axial s tra in , and 
the ce ll pressure and back pressure adjusted to give constant test  
specimen diameter and constant back pressure, respectively.
Observations from preliminary tests using this method of testing gave 
K0 stress paths in which there were s ign ificant perturbations, as shown 
in Figure 6.2. These perturbations were caused by a low response or 
gain in the system which was a function of two factors:
( i )  The rate of axial deformation and therefore of axial 
loading.
( i i )  The speed and se n s it iv ity  of control of the ce ll pressure 
device.
On axial loading, no action was taken by the system to return the 
la te ra l deformation to i ts  original position until the error signal in 
the process contro ller exceeded the deadband area (causing the f l a t  
portions of the curve), whereupon the subsequent rate of increase in 
cell pressure was not su ff ic ie n t to correct the la te ra l deformation 
until the axial loading was stopped. This e ffec t was accentuated by the 
fact that an increase in cell pressure further increased the vertica l  
load causing further la te ra l deformation of the test specimen. In
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addition,the process contro ller controlling the back pressure was slow 
in decreasing the back pressure and allowed an excess pore pressure to 
build up. These effects were reduced by decreasing the strain rate of 
the loading frame as i l lu s tra te d  in Figure 6.3 where curve (a) corresponds 
to a test performed at a stra in  rate of 40 ym/min and a maximum la te ra l  
deformation of 50 ym, curve (b) corresponds to a strain rate of 20 ym/min 
and a maximum la te ra l deformation of 26 ym, and curve (c) corresponds to 
a strain rate of 8 ym/min and a maximum la te ra l deformation of 4 ym.
In view of the problems associated with th is testing technique,it was 
decided to use the computer incrementally to change the deviator load; 
and to increase the s e n s it iv ity  of the ce ll pressure controller by 
changing the appropriate amplifiers within the process contro ller. Using 
this method of incorporating the computer and a process contro ller to 
control the deviator load enabled re la t iv e ly  small load increments to be 
applied. The speed with which the deviator load was applied was then 
proportional to the error signal in the process contro ller. This also 
enabled the ce ll pressure and back pressure systems to cope with the 
required rate of change of pressures (Section 4 .3 .2 ) .  A typical 
resulting stress path using th is  testing technique is presented as 
curve (d) in Figure 6.3. and in Figure 6.4 (a) and (b) where i t  may be 
seen that the stress path was almost a s tra ight l ine  and the la te ra l  
deformation was kept within 1 ym at a l l  times. Accordingly, th is  
control method has produced consistent K0 consolidation stress paths.
This repeatab ility  is i l lu s tra te d  in Figure 6.5 which shows three 
typical stress paths.
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6.4 The Influence of the Degree of Lateral Restraint upon the Value
The influence of the degree of la te ra l res tra in t upon the value 
of KQ may be i l lu s tra te d  by using the data from preliminary tests as 
presented in Figure 6.6. The values of K0 used were deduced from the 
stress paths presented in Figure 6.3 by computing a mean value fo r  K0 , 
together with the largest la te ra l deformation.recorded fo r  each 
test. I t  can be seen from Figure 6.6 that the value of K0 is sensitive to 
the allowed la te ra l deformation of the tes t specimen. I t  may be seen 
further that provided the la te ra l deformation is kept to within 5 ym, 
the value determined fo r  KQ is within 5% of the real value.
The conventional oedometer restrains the test specimen from 
deforming la te r a l ly  by confining i t  in a thin-walled brass ring which 
w ill  expand under the application of a la te ra l load induced by the 
application of a vertica l load. The maximum la tera l pressure w i l l  be 
experienced by the brass ring immediately a f te r  the vertica l load 
application and w i l l  reduce as the excess pore water pressure dissipates. 
This maximum la te ra l pressure,immediately a f te r  loading,is caused 
because when a vertica l load is applied under K0 conditions the pore 
pressure within a test specimen increases by an amount equal to the  
vertica l pressure increment, and by the principle of e ffec tive  stress 
no deformation w i l l  occur (Simons and Menzies, 1974). The test specimen 
is also restrained la te r a l ly  and therefore cannot deform in that  
direction , thus the horizontal e ffective  stress remains unchanged. To 
maintain this constant horizontal e ffec tive  stress a f te r  the pore
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pressure has increased requires the la te ra l pressure to increase by 
the same amount as the pore water pressure. Thereafter, with time,the  
pore water pressure dissipates, the e ffec tive  stress changes, and 
la te ra l pressure reduces. The la te ra l expansion of the confining 
ring can be found by using the theory of e la s t ic i ty  to be:
AR = —  (6 .1 )
tE
where aR is the change in radius of the confining ring
R is the original radius of the confining ring
t  is the thickness of the confining ring
E is the Youngs Modulus for the confining ring ( i . e .  brass
E = 108 kPa)
P is the pressure inside the ring
Using equation 6.1 for a conventional oedometer ring,when a load 
increment of 10 Kgf is applied to the hanger ( i . e .  approximately 220 kPa 
applied to the tes t specimen) i t  produces a la te ra l deformation of 
approximately 3 ym. For 20 Kgf on the hanger th is  figure is 6 pm,and 
so on proportionally. I t  can be seen from Figure 6.4 that in the 
APTT system the la te ra l deformation is of the order of 1 ym, although 
i t  does have an error owing to the compression of the rubber membrane 
under increasing ce ll pressure,causing the KQ caliper to reg is ter a 
f ic t i t io u s  change in diameter of the tes t specimen. The contribution of 
this error was evaluated by using a four inch diameter cylinder of 
brass as a dummy tes t specimen which was sheathed in a rubber membrane. 
The caliper was f i t t e d  in place and an isotropic compression tes t carried
out in the t r ia x ia l  ce ll by increasing cell pressure. Assuming that 
the change in diameter of the dummy sample was negligible for these 
low cell pressures*the results of the measured rubber membrane compression 
against ce ll pressure for two tests ore presented in Figure 6.7. As 
shown in Figure 6 .7 , the compression a f te r  a ce ll pressure increment 
from zero to 200 kPa was of the order of 1 ym. A cell pressure of 200 kPa 
corresponded to the in i t i a l  condition at the beginning of a l l  the tests
performed and therefore the tota l la te ra l deformation was
approximately 2 ym.
Comparing the la te ra l deformations occurring in both the oedometer 
and APTT te s t  system, the APTT system is at least as good as the 
conventional oedometer in restraining the amount of la te ra l deformation.
6.5 The Case fo r  Using the Kn Control System
The system described simulated KQ consolidation and K0 swelling
to a high degree of s im ila r ity  on the basis of
( i )  The mean KQ consolidation stress path moved s ig n if ic a n tly  
when a la te ra l deformation was exceeded. I t  is arguable, 
therefore, that provided the diameter change does not 
exceed ± 5 ym, in terms of stress the KQ condition is 
simulated in that the value of KQ is approximately the 
same as that for true conditions of zero la te ra l s tra in .
The system used in th is  study controlled a diameter of 
the tes t specimen to ± 1 ym. I t  may be argued further
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that i f  the mid-height diameter of the test specimen is 
controlled to 1 ym then for a uniform and homogenous 
specimen the other diameters w ill  be s im ilar ly  controlled.
( i i )  The conventional oedometer allows a la te ra l deformation of 
up to 10 ym depending upon the load increment used. The 
la te ra l deformation allowed in the APTT system was 
approximately ± 1 ym and therefore the simulation of K0 
was as good as?and may have been better than,the conventional 
oedometer loaded with large increments.
( i i i )  The K0 consolidation stress paths obtained using the
system were smooth,stable and were repeated consistently  
for a l l  the principal tests.
CHAPTER 7
7.0 Analys is and Discussion o f the Experimental Work
7.1 The Analysis of the Test Data
The results of both the undrained and drained tests in terms of 
the appropriate stress paths, strain  paths and stress-stra in  
relationships from which the deformation moduli can be determined for  
each tes t type are given in Appendices I I  and I I I ,  respectively. The 
curves presented in the appendices were used to evaluate the deformation 
moduli and provide the comparative studies considered herein. The 
curves from which the deformation moduli were evaluated correspond to the 
f in a l portion of each of the seven types of stress p a th , i .e .  s tarting  
from point "B" in Figures 5 .8 , 5 .9 , 5.10, 5.11. For example,for the 
f ie ld  simulated model (te s t  type I )  the relevant data began from the 
end of the K0 consolidation stage, and fo r  the "sampled" tes t the 
starting pointwasat the end of the reconsolidation stage. The data for  
the K0 consolidation stage began at the in i t i a l  isotropic e ffec t ive  
stress of approximately 20 kPa and continued throughout the consolidation 
stage.
The test results were analysed to indicate the effects of: 
stress r e l ie f  sampling disturbance, d iffe ren t applied to ta l stress paths 
and d if fe ren t reconsolidation stress levels upon the deformation 
characteristics of Ripley sand. A comparison of these effects is considered 
for  both the undrained and drained conditions. To indicate the effects  of
stress r e l ie f  sampling disturbance upon the deformation characteristics  
the simulated f ie ld  model ( te s t  type I )  was compared with the aniso- 
t ro p ica lly  reconsolidated tes t specimen subjected to a f ie ld  stress path 
( te s t  type I I ) .  To indicate the e ffect of d if fe re n t applied tota l stress 
paths upon the deformation characteristics, various applied to ta l stress 
paths beginning from th e  same reconsolidation point were compared. For 
example, from the anisotropic reconsolidation position the conventional 
tes t  stress path (tes t type I I I )  was compared with the f ie ld  stress 
path (test type I I ) .  S imilarly,from an isotropic reconsolidation position  
the conventional tes t stress path (te s t  type V (b)) was compared with the 
f ie ld  stress path ( tes t  type IV (b ) ) .  F in a l ly ,  to indicate the e ffec t  
of d if fe re n t  reconsolidation stress levels upon the deformation 
c haracteris tics ,s im ilar  stress paths beginning from d if fe re n t  isotropic  
reconsolidation levels were compared. For the conventional test stress 
paths, tes t type V (a) was compared with test type V (b) and fo r  the 
f ie ld  stress paths, test type IV (a) was compared with tes t type IV (b ).
The deformation moduli presented in Tables 7 .1 , 7 .2 , and 7.3 were 
evaluated using the e la s t ic i ty  equations applied to an axi-symmetric 
test system:
Aai 2vAg3
Aei = (7 .1 )
E E
A£3 =
-vAcF} (1 -  v) AG3 
  + ------------------- (7 .2 )
E E
q = A(ai " a3) 
2 A ( e i  -  e 3 )
(7 .3 )
Aam'
K = T (7 .4)
v
where subscript 1 refers to the vertica l direction and subscript 3 
refers to the horizontal d irection.
As discussed in Chapter 3, i t  may be seen that equations 7.1 and 7.2 have 
to be used simultaneously to evaluate E and v ,  whereas G and K are 
evaluated independently using equations 7.3 and 7.4.
7.2 Deformation Characteristics during Kn Consolidation
The deformation characteristics of a tes t specimen during K0 
consolidation can be deduced using the relationships presented in 
Figures 7 .1 , 7 .2 , 7 .3 ,  7.4. Using these figures the values of the 
deformation moduli E ' , v ‘ , K*, G‘ were determined at a change in the 
deviator stress of 100 kPa and are presented in Table 7 .1 . Because 
during KQ consolidation the tes t specimen was restrained from deforming 
la te r a l ly  the general equations 7 .1 , 7 .2 , 7.3 and 7.4 could be s im plified  
to:
v '  = -----    ( 7 . 5 )
( A a j 1 -  A0 3 ' )
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K‘ = h e 1 (7 .7)
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(7 .8 )
Using the data from Figure 7.1 with equation 7.'5 evaluates Poissons Ratio, 
and i t  can be seen that i t  remains constant throughout K0 consolidation. 
S im ila rly , using the slopes of the curves given in Figures 7 .2 , 7.3 and
7.4 with equations 7 .6 , 7.7 and 7.8 enabled the other deformation moduli 
E1, 1C, 6 ‘ to be evaluated. I t  is clear from Figures 7 .2 , 7.3 and 7.4  
that the deformation moduli E1, 10, G‘ are not constant but increase, 
as the tes t progresses. This is to be expected because the soil structure  
becomes stronger upon consolidation.
7.3 Deformation Characteristics for Undrained Tests
A series of undrained tests were performed on Ripley sand to 
model approximately the behaviour of a saturated clay and to indicate  
how the deformation characteristics are affected by stress r e l i e f  sampling 
disturbance, d if fe re n t  applied to ta l stress paths and the reconsolidation  
stress leve l.
In the undrained condition soils are assumed to behave, l ik e  an 
incompressible solid and therefore the value of v is one-half and the
value of K is in f in i ty .  Applying these values for v and K in equations 
7.1 , 7.2 and 7.3 enables the value of E and G to be determined from the 
same stress-stra in  curve as follows:
a ( cti -  a3)
Using equation 7.9 and the appropriate stress-stra in  curves the value 
for E and hence G was determined for a change in deviator stress of 
100 kPa. The values of E for d if fe ren t tes t types are presented in 
Table 7.2 and provide a comparison between the test types and the resulting  
value of E.
The tes t data from each tes t type which was used to compute the 
deformation moduli are presented graphically in Appendix I I .  For each 
test type the applied tota l stress path, the resulting e ffec tive  stress 
path, the resulting strain  path and the stress-stra in  relationship from 
which the deformation moduli are calculated are given. The la te ra l  
deformation used in the strain paths was measured by the ca liper. The
comparative graphs used in th is  section are also obtained from
Appendix I I .  The resulting curves for test type I demonstrate the 
typical consistency of the test results.
The e ffec t  of stress r e l ie f  sampling disturbance upon the stress- 
strain relationship and the resulting strain  paths can be seen in
Figures 7.5 and 7 .6 . I t  is apparent that stress r e l i e f  sampling 
disturbance does a ffe c t  the stress-stra in  re la t io n s h ip ; .th is is 
confirmed by the computed deformation moduli presented in Table 7 .2 .
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S im ila rly , the stress r e l ie f  sampling disturbance does have a small 
e ffec t upon the resulting strain path.
The e ffec t of applying d if fe re n t to ta l stress paths to a tes t  
specimen can be observed from the stress-stra in  relationship and the 
resulting stra in  paths presented in Figures 7.7 and 7 .8 /  Comparing te s t  
type I I  with te s t  type I I I  and tes t type IV (b) with tes t type V ( b ) 9 
i t  is c lear that the e ffec t of the d if fe re n t applied to ta l stress paths 
upon the stress-stra in  relationship and the resulting stra in  paths is  
re la t iv e ly  small. The deformation moduli presented in Table 7.2 support 
this observation.
The e ffec t of d if fe re n t  reconsolidation stress levels upon the 
stress-stra in  relationship and the resulting stress paths can be 
observed in Figures 7.9 and 7.10. Comparing test type V (a) with 
tes t type V (b) and tes t type IV (a) with tes t type IV (b) i t  is c lear  
that the e ffec t cf d if fe re n t reconsolidation levels has a marked e ffec t  
upon the s tress-stra in  relationship and the resulting strain paths.
In addition, i t  is interesting to note that tes t types IV (b) and 
V (b) ( i . e .  te s t  specimens reconsolidated to one-half the previous 
vertica l to ta l stress) diverge from the tes t types IV (a) and V (a) 
at approximately the same position.
7.4 Deformation Characteristics for Drained Tests
7.4.1 Analysis of the Test Data
To determine the deformation moduli E1, v ‘ , K‘ , G' for a drained
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test equations 7 .1 , 7 .2 , 7 .3 , and 7.4 were used. To calculate the 
values of E‘ and v ‘ equations 7.1 and 7.2 are used simultaneously and 
are rearranged as follows:
(Aa3A£i -  Aa1Ae3)
v' = ------------------------------------------  (7.10)
(Aai + Ag 3)A£i - 2Aa3Ae3
(Aai - 2v 'Ag 3)
E‘ =  Ail------------- ( 7- ” )
Equations 7.10 and 7.11 can be further simplified for the conventional 
tes t stress paths where the ce ll pressure does not change ( i . e .  test  
types I I I ,  V (a ) ,  V (b ) ) .
Ae3
(7 ' 12)
Agi
E = A iT  (7 ’ 13>
I t  can be seen from equations 7.10 and 7.11 that a re l ia b le  value for the 
la te ra l s tra in , e3, is required i f  re l ia b le  values of E' and v ‘ are to  
be obtained.
Using the Automatic Programmable T riax ia l Test system two methods 
were available fo r  determining the la te ra l deformation and hence the 
la te ra l s tra in . One method was to measure the la te ra l deformation 
d ire c tly  using the la te ra l stra in  ca liper. The other method was to 
in d irec tly  evaluate the la te ra l strain using the volume change as 
measured by the.volume change device, together with the measured axial
stra in . Because axial stra in  was measured by the re la t iv e  movement0
between platens,an integrated value was obtained which included the 
restrained ends of the tes t  specimen. Id e a l ly , la te ra l  stra in  should 
be measured lo ca lly  (Arthur and Menzies, 1968). At best,therefore, 
this integrated or average axial strain  may only be used in conjunction 
with an average la te ra l s tra in  fo r the purposes of competing deformation 
moduli. The average value of la te ra l strain used was based, therefore, 
on the general e la s t ic  theory using the measured volume change and 
axial strain (Section 7 .4 .2 ) .  The major problem when using th is  method 
for evaluating the la te ra l s tra in , especially fo r  sands, is accounting 
fo r  the volume change induced by the rubber membrane penetrating the 
surface in terstices between the sand grains when the cell pressure 
changes. The method used for correcting the measured volume change for  
the membrane penetration e ffec t is described in deta il in Section 7 .4 .2 .
The data obtained -from the drained tests are presented in Appendix I I I ,
from which the deformation moduli given in Table 7.3 and the comparative
graphs in th is  section are derived. The deformation moduli presented
in Table 7.3 correspond to a deviator stress change of 100 kPa. For
each test type the applied to ta l stress paths are sim ilar to the corresponding
te s t  type given in Appendix I I  and are therefore omitted. Plots are
given fo r  the resulting e ffec tive  stress paths, the resulting s tra in
paths, a stress-stra in  re lationship, a shear stress-stra in  relationship
and a mean e ffec tive  stress versus volumetric stra in  re lationship. I t
is interesting to note the shape of the stra in  path plots fo r te s t
types IV (a) and IV (b).
To i l lu s t r a te  the effects of stress r e l ie f  sampling disturbance,
the d if fe re n t  applied to ta l stress paths, and the reconsolidation stress 
level,upon the s o i l 's  deformation characteris tics , the change in deviator 
stress versus axial s tra in  plot and the strain path plot w i l l  be used.
The values of K' and G‘ are determined using the theory of e la s t ic i ty  
upon the same data used to determine the deviator stress versus axial 
strain and the s tra in  path plots. Thus, the effects of sampling disturbance, 
applied stress path and reconsolidation stress level upon the appropriate 
stress-stra in  relationships for determining K‘ and G' w i l l  exh ib it the same 
trends as the deviator stress versus axial strain and Strain path p lots, 
therefore only these two plots w i l l  be used to compare the data from 
d iffe re n t te s t  types.
7 .4 .2  Determination of the Lateral Strain
The axial s tra in  measured between the end platens is an integrated  
axial stra in  over the height of the test specimen. I t  is lo g ica l,  
therefore, that the la te ra l strain used should also be an average or 
integrated la te ra l stra in  over the height of the te s t  specimen. Measuring 
the la te ra l deformation d ire c tly  using the ca liper only determines the 
deformation occurring along a specific diameter, usually a t mid-height of 
the te s t specimen. This measured la te ra l deformation is a maximum value 
as the f r ic t io n a l  re s tra in t  of the unlubricated platens would tend to 
progressively reduce the la te ra l deformation towards the ends. The 
la te ra l s tra in  used throughout the study on drained tes t specimens was 
calculated using the measured volumetric and axial strains in the 
following expression:
Consequently,to determine a re l ia b le  value of the la te ra l strain an 
accurate value of the te s t  specimen volume change was required. This 
necessitated the knowledge of volume change caused by membrane penetratii 
to be accounted fo r ,  and this was achieved as follows.
During K0 consolidation the measured volume change is composed 
of the te s t  specimen volume change and a volume change due to membrane 
penetration:
AVm = AVa + AVmp (7.15)
where AVm is the measured volume change 
AVa is the actual volume change
AVmp is the volume change due to membrane penetration
By d e f in it io n , during KQ consolidation the tes t specimen is restrained
and does not deform la te r a l ly ,  therefore the cross-sectional area 
remains constant and the actual volume change can be calculated d ire c t ly  
from the cross-sectional area and the axial deformation as follows:
AVa = Aoa£ (7.16)
where Ao is the cross-sectional area
A£ is the axial deformation
Using equations 7.15 and 7.16 the volume change attributed to membrane 
penetration can be computed as
AVmp = AVm - Aoajl (7.17)
I t  has been established by several investigators (Roscoe et a l , 1963;
Raju and Sadasivan, 1974; K a lte z io t is , 1976) that the volume change 
caused by membrane penetration varies logarithmically  with the e ffective  
cell pressure. The volume change was then plotted agai-nst the logarithm 
of the e ffec tive  ce ll pressure as shown in Figure 7.11. I t  can be seen 
from Figure 7.11 tha t the relationship between, the membrane penetration 
volume change and the logarithm of the e ffec tive  ce ll pressure is 
approximately linear a f te r  an e ffec tive  ce ll pressure of approximately 
70 kPa. Below an e ffec tive  ce ll pressure of 70 kPa the effects of the 
top cap and porous disc bedding into the test specimen are probably 
s ign ificant causing the spurious points in Figure 7.11. In the 
investigation on drained test specimens the point "B", the in i t i a l  point 
for  obtaining data,was always above 70 kPa. Accordingly, the mathematical 
representation of the membrane penetration volume change for a given 
change in the e ffec tive  ce ll pressure used for the analysis of the tes t  
data was based on a linear relationship between the volume of membrane 
penetration and the logarithm of the e ffec tive  ce ll pressure from 
approximately 70 kPa (Figure 7 .11 ). Thus, the mathematical correction  
was obtained for the tes t operating range. The mathematical formula for  
determining the membrane penetration volume change for a given change in 
effec tive  ce ll pressure was therefore as follows:
(7 .15)
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Fig. 7.11. Compensation for Membrane Penetration
The la te ra l strain evaluated using a corrected measured volume change 
and an axial s tra in  can be regarded as the average la te ra l strain over 
the height of the te s t specimen as given by the equivalent r ig h t cylinder 
approximation of Bishop and Henkel (1963).
In order to determine i f  the measured la te ra l stra in  could be 
corrected to give an average la te ra l s tra in , the ra tio  between the 
measured la te ra l stra in  and the la te ra l strain calculated using 
equation 7.14 was plotted against the axial strain  fo r  an undrained 
test type I .  I t  can be seen that the ra t io  between the measured and 
calculated la te ra l stra in  was approximately constant at a value of 0.63 
throughout the undrained tes t.
To decide which method of determining the la te ra l deformation was 
to be used for the investigation the measured and computed values of 
la te ra l strain were compared during a drained te s t  type I (Figure 7 .13).
I t  can be seen from Figure 7.13 that the measured and factored la te ra l  
strain produced consistently higher values than the calculated la te ra l  
s tra in , thus indicating that the tes t specimen shape does not change 
in the drained condition as i t  does in the undrained condition. This may be 
because of local y ield ing of the tes t specimen or sand grain movements 
around the ca liper causing erroneous caliper readings.
7 .4 .3  Results fo r  the Drained Test
The e ffec t of simulated sampling disturbance upon the deformation 
characteristics can be observed by comparing tes t type I with test  
type I I  in Figures 7.14 and 7.15. I t  is apparent from 7.14 and 7.15 that
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Fig. 7 14. The Effect of Sampling Disturbance upon
the Stress-Strain Relationships
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Fig. 7.15. The Effect of Sampling Disturbance
upon the Strain Paths
the e ffec t of simulated sampling disturbance upon both the stress-stra in  
relationship and the resulting strain paths is re la t iv e ly  small. This 
observation is supported by the computed deformation moduli presented 
in Table 7.3.
The e f fe c t  of d if fe re n t  applied to ta l stress paths upon the deformation 
characteristics of sand can be i l lu s tra te d  by comparing tes t type I I  
with test type I I I  and test type IV (b) with test type V (b) in 
Figures 7.16 and 7.17. Figure 7.16 i l lu s tra te s 'th e  e ffec t of d if fe re n t  
applied stress paths upon the stress-strain  relationship. I t  can be 
seen from Figure 7.16 that for the anisotropic reconsolidation there is 
a marked difference in the stress-strain relationship. S im ilarly  there 
is a marked difference for the isotrop ica lly  reconsolidated tes t specimen.
The e ffec t of d if fe re n t  applied to ta l stress paths upon the resulting  
stra in  paths is even more marked. The f ie ld  stress paths gives r ise  to 
la te ra l compression while the conventional test loading produced la te ra l  
extension.
The e ffe c t  that the reconsolidation stress level has upon the 
deformation characteristics can be observed in Figures 7.18 and 
7.19, by comparing tes t types V (a) with V.(b) and te s t types IV (a) 
with IV (b). The stress-stra in  relationships (Figure 7.18) fo r  tes t  
types IV (a) and IV (b) are s im ilar. The resulting strain paths (Figure 7 .1 9 ) ,  
however, are d if fe re n t  which results in markedly d if fe re n t values fo r the 
deformation moduli (Table 7 .3 ) ,  thus demonstrating the considerable e f fe c t  
that the reconsolidation stress level has upon the deformation characteris tics .
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Fig. 7.15. A Comparison of Different Applied Stress
Paths upon the Stress-Strain Relationships
La
te
ra
l 
st
ra
in
 
%
0-10
compressive strains+ve
0-3
-0 -05
-0-25
A xia l s tra in  %
Fig. 7.17. A Comparison of Different Applied Stress
Paths upon Strain Paths
250 r
200
n r  lb )
E?(al
^ 1 0 0
o
0-1
Axial s tra in  %
Fig. 7.18. The Effect of Reconsolidation Levels
upon the Stress-Strain Relationships
La
te
ra
l 
st
ra
in
 
%
p = preconsolidation strain
M b )
0-50-3
Ylb)
A xial strain %
Fig. 7.19. The Effect of Reconsolidation Stress
Levels upon the Strain Paths
7.5 The Preconso lida tion  Ax ia l S tra in
The shape of the s tress-stra in  relationship for the iso trop ica lly  
reconsolidated undrained tests ( te s t  types IV (a ) ,  IV (b ) ,  V (a ) ,  V (b))
was observed to be approximately b i-1inear (Figure 7 .20). Points having
ordinates corresponding to the axial strain a t the end of KQ 
consolidation, the so-called "preconsolidation s tra in " , when plotted on 
the curves shown in Figures 7.20 and 7 .2 1 , l ie  on or near the change in 
slope. This behaviour is analogous to the fa m ilia r  change in
slope of the load-deformation relationship observed when loading
over-consolidated soils beyond the preconsolidation pressure.
The s tress-stra in  relationship given in Figure 7.21 i l lu s tra te s  the 
e ffec t  of testing a specimen of soil below the preconsolidation strain in 
the drained condition. I t  is apparent that for the case of an applied 
f ie ld  stress path there is no change in slope of the stress-stra in  
relationship when the preconsolidation strain is exceeded. For the 
conventional tes t however, there is a d e f in ite  change in slope of the 
stress-stra in  relationship at approximately the preconsolidation s tra in .
The e ffec t  of the preconsolidation strain upon the strain paths 
given in Figure 7.17 fo r  the conventional tes t appears to be small.
When a f ie ld  stress path is applied, however, there is a marked change 
in slope of the strain  path at approximately the preconsolidation stra in  
( te s t  types IV (a) and IV (b ) ) .  The data presented in Figure 7.19 
suggest; that below the preconsolidation s tra in  the specimen bulged, and 
once the preconsolidation strain is exceeded the tes t  specimen began to neck. 
This phenomencmmay not be a true representation of the test specimen's
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behaviour because i t  may be caused by the inherent errors in evaluating 
the la te ra l s tra in  using the volumetric strain approach.
7.6 Discussion of the Results
7.6.1 Undrained Behaviour
For the undrained behaviour i t  may be seen from Figure 7.22 that  
the s tress-stra in  relationships approaching most closely to the modelled . 
in s itu  undrained behaviour (tes t type I )  are those fo r the tests where 
the soil was anisotropically  reconsolidated to the modelled in s itu  
stresses (test types I I  and I I I ) .  The stress-stra in  relationships for  
the tests where the soil was isotrop ica lly  reconsolidated (test types 
IV (a) and (b) and V (a) and (b)) show the greatest divergence from 
the modelled in situ  behaviour. This divergence is also shown in the 
resulting stra in  paths given in Figure 7.23 where the length of each stra in  
path varies. The computed deformation moduli are given in Table 7 .2 . I t  
is interesting to note that a l l  the sampled tests yielded deformation 
moduli which were greater than the modelled in situ s o il .  These findings  
are contrary to those of Atkinson (1974) who observed the in s itu  moduli 
greater than those determined by the conventional t r ia x ia l  te s t .
7 .6 .2  Drained Behaviour
For the drained tests i t  may be seen from Figures 7.24 and 7.25 that 
the stress-stra in  relationships and the resulting strain paths most 
nearly approaching the modelled in s itu  drained behaviour (tes t type I )  
are those for the tests where the construction stress path was followed
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( te s t  types I I ,  IV (a) and IV (b ) ) .  The stress-strain relationships  
for the tests where the conventional t r ia x ia l  compression stress path 
was followed ( te s t  types I I I ,  V (a) and V (b)) show the greatest 
divergence from the modelled in situ  behaviour. This is perhaps most 
c learly  shown in the resulting stra in  paths of Figure 7.25. Here 
the conventional tes t leads to radial extension as the test specimen 
bulges markedly against a constant cell pressure. Conversely, the 
construction stress path tests give radial compression as the tes t  
specimen necks under the increasing cell pressure.
7 .6 .3  General Behaviour
I t  has been established for both the drained and undrained tes ts ,  
by comparing the stress-stra in  curves and strain  paths fo r  test types I 
and I I ,  that the process of stress r e l ie f  sampling disturbance does 
a ffec t s ig n if ica n tly  the resulting deformation characteristics of a 
te s t  specimen. This is confirmed by the values of the deformation 
moduli given in Tables 7.2 and 7.3.
I t  has also been established for-the undrained condition that  
the e ffec t  of applying d if fe re n t to ta l stress paths to a te s t  
specimen has only a small e ffec t on the resulting stress-stra in  
relationship and hence the deformation moduli. In contrast, i t  has been 
demonstrated for drained tests that the e ffec t of applying d if fe re n t  
to ta l stress paths to a test specimen affects markedly the s tress-stra in  
relationships and strain  paths displayed by the tes t specimen (Table 7 .3 ) .
Observing the e ffe c t  of d if fe re n t reconsolidation stress levels  
has demonstrated the crucial necessity for anisotropically  reconsolidating 
a soil specimen to i ts  in s itu  stresses before testing. Anisotropic 
reconsolidation is necessary for both drained and undrained tests. The 
influence of the reconsolidation stress level can be correlated with 
volumetric stra in  during reconsolidation as follows. For the 
anisotropic reconsolidation the average volumetric stra in  was + 0.037% 
( tes t types I I  and I I I ) ;  for isotropic reconsolidation to approximately 
the in situ  horizontal e ffective  stress the average volumetric stra in  
was - 0.013%, ( te s t  types IV (a) and V (a ) ) ;  and for isotropic  
reconsolidation to below the in situ  horizontal e ffective  stress the 
average volumetric strain  was - 0.22% (te s t  types IV (b) and V (b ) ) .
The positive sign denotes pore water draining from the tes t specimen.
Thus, as would be expected, a better reconsolidation yields a smaller 
change in the volumetric s tra in .
Reconsolidating a test specimen iso trop ica lly  to approximately 
the in situ  horizontal e ffec tive  stress was observed to s t i l l  have a 
sign ificant e f fec t  on the stress-strain relationships and the strain  
paths. This was because the reconsolidated ax ia l strain was s t i l l  
below the preconsolidation axial s tra in . The only way the to ta l axial 
strain equals or exceeds the preconsolidation s tra in , and thereby 
avoiding measuring a bi-1inear stress-strain relationship in the te s t ,  is 
to reconsolidate the test specimen anisotropically .
Table 7.1 Results during K0 Consolidation
Test
type
Test
no.
K0 v 1 E ‘
(mPa)
K'
(mPa)
6'
(mPa)
Porosity
n%
Void
Ratio
e %
I UA2 0.41 0.29 44 35 18 39.8 66.1
I I UBbl 0.41 0.29 51 40 20 39.3 64.6
V(b) UC1 0.41 0.29 47 35 19 39.6 66.0
Note: The deformation moduli were calculated when the change in
deviator stress was approximately 100 kPa.
Table 7.2 Test Results fo r  Undrained Tests
Test Type E (mPa)
(atAaD = 100 kPa)
I
I I  
I I I  
IV (a) 
IV(b)
V (a)
V (b)
14.7
22.1
17.6
70.0
36.4
103.0
28.2
Table 7.3 Results f o r  the Drained Tests
Test Type V ‘ E'
(mPa)
K'
(mPa)
G'
(mPa)
I 0.26 202.4 139.2 80.5
I I 0.21 268.5 153.6 1 1 1 . 1
I I I 0.43 25.1 64.2 8.8
IV{a) 0.29 185.0 151.0 71.25
IV(b) 0.39 103.0 157.0 37.1
V(a) 0.315 117.6 105.4 44.9
V(b) 0.5 67.3 - 18.8
Note: All values were calculated for Agd of
100 kPa except tes t type I I I  whicn was 
calculated at a value of Agq of 80.
CHAPTER 8
8.0 A Speculative Method fo r  Estimating The In Situ Horizontal
Effective Stress From An Undisturbed T riax ia l Test Specimen.
8.1 The Case For Estimating Kp from Laboratory Tests
The value of the in situ  horizontal e ffec tive  stress is a 
necessary prerequisite for many computations on which engineering 
judgements are based. For example, i t  is essential to know the 
horizontal to ta l stress ( la te ra l  pressure) to design retaining walls ,  
tunnels, docks etc. I t  has been further demonstrated by Lo and Lee (1973) 
that the knowledge of the in situ  horizontal e ffec tive  stress was 
important when using a f in i t e  element program to model the fa i lu re  of 
an excavated slope in a clay (Chapter 2).
From the analysis of the results of laboratory tests on Kaolin 
(Davis and Poulos, 1967), and the measured and predicted deformations 
of constructions on London clay (Atkinson, 1974), i t  was suggested that  
the deformation behaviour of a tes t specimen of soil more closely  
approximates to that of the f ie ld  condition when the tes t specimen is  
anisotropically  reconsolidated to the in situ  stresses. Indeed, part  
of the study undertaken has demonstrated the crucial importance of 
reconsolidating to the in s itu  stresses as the only means of restoring  
approximately the in situ  s tra ins , especially the in .s i tu  vert ica l  
stra in . This study therefore supports the suggestions of Davis and 
Poulos (1967) and Atkinson (1974).
The various methods, both in the f ie ld  and in the laboratory, 
of determining the ra tio  of in s itu  stress, K0 , are discussed in deta il 
in Chapter 2. I t  is apparent, however, that the f ie ld  techniques 
required special equipment which is uncommon for normal s ite  investigation  
purposes (eg. the camkometer), and the overall procedure fo r  testing  
and analysis is time consuming and expensive which precludes th e ir  
use fo r  minor constructions. Laboratory test specimens are, however, 
re la t iv e ly  easy to obtain, inexpensive to te s t ,  and l i t t l e  spec ia lis t  
knowledge is required to perform the normal tests ( ie .  in an oedometer 
or t r ia x ia l  c e l l ) .  I t  is suggested, therefore, that the speculative 
method for decoding a test specimens in s itu  stress described herein 
is a simple, re l ia b le ,  laboratory method using the conventional t r ia x ia l  
c e ll .
8.2 Pore Pressure Changes on Sampling
When a saturated clay soil is sampled in the undrained condition _
the pore water pressure changes because of the reduction in applied 
tota l stresses to zero. I f  i t  is assumed that during sampling the
shape of the sample of soil does not change (negligible mechanical and
stress r e l ie f  sample disturbance) then the mean e ffec tive  stress w i l l  
remain constant. I f  the mean e ffec tive  stress can then be determined 
i t  is a simple matter to evaluate the in s itu  e ffective  stresses knowing the 
vertica l e ffec tive  stress; the vertica l e ffec tive  stress being 
calculated from the overburden of the test specimen.
Skempton (1961) studied the cap illa ry  pressure in tes t specimens 
cut from block samples of London clay at Bradwell and related the
c a p i l la r y  pressure to  the r a t io  o f  in  s i tu  e f fe c t iv e  s tresses, K0 , as:
Pk = P [ k0 -  AS (K0 -  1)J (8 .1 )
Where Pk is the cap illa ry  pressure
P is the overburden pressure 
As is an appropriate value of the 
pore pressure parameter A.
Skempton used four methods to determine the cap illa ry  pressure
(i.e. mean e ffec tive  stress).
( i )  Using a p lot of volume change during reconsolidation for d if fe re n t  
cell pressures, the cell pressure corresponding to no volume 
change was interpolated and assumed to be equal to the cap il la ry  
pressure.
( i i )  Using an oedometer, the load required to prevent the volume
change of a tes t specimen when immersed in water was determined. 
This load was assumed to be the cap illa ry  pressure,
( i i i )  A test specimen was assembled in a conventional t r ia x ia l  cell 
and a cell pressure applied in the undrained condition. The 
stable, generated pore pressure was then measured and the mean 
effec tive  stress evaluated d ire c t ly .
( iv )  The cap illa ry  pressure was also deduced from the 15 minute undrained
strength using the following equation:
Pk = 03 ' + A f . 2 . c (8 .2)
Where 03 ' is the minor pric ipal e ffec tive  stress 
Af is the pore pressure parameter A at fa i lu re
and C = + Cos 07 + (737 Sin $ f
(8 .3 )
1-Si n0
/
1-Sin0
/
A ll four methods described gave reasonable results for the 
capilla ry  pressure. I t  can be seen from equation 8.1 that to evaluate 
K0 a value of the pore pressure parameter during sampling As has to 
be known. The value of As was determined by anisotropically  
consolidating a test specimen and then to reduce the total stresses 
to an a rb itra ry  isotropic value, in the undrained condition. The pore 
water pressure change was measured and used to calculate As; hence 
the value of As was determined as 0 .3 .
Using equation 8 .1 , together with the values of P|< and As 
determined from the test methods described,Skempton showed the variation  
of Ko with depth for the London clay at the Bradwell s i te .
The variation in the value of Ko with depth for London clay 
at Ashford was determined by Bishop et al (1965). The value of the 
cap illa ry  pressure was determined using the second method described 
by Skempton, and the value of As was assumed to be the same as fo r  the
Bradwell s i te .  Bishop et al concluded that the values of K0 determined 
for the Ashford s ite  were higher than those for the Bradwell s i te ,  and 
are consistent with the high preconsolidation stresses estimated fo r  
the Ashford s i te .  Skempton's method of using the pore pressure a f te r  
sampling as described herein has also been used by Knight and Blight (1965) 
and B light (1967) to predict'the in s itu  e ffective  stress ra tios .
Knight and Blight (1965) used a saturated clay test specimen which had 
been subjected to K0 consolidation,and stress r e l ie f  sampling 
disturbance. They concluded that the cap il la ry  pressure method gives 
a good approximation to the in s itu  stress ra t io . B light (1967) 
used the ca p il la ry  pressure method to determine the variation in 
horizontal e ffec tive  stress with depth for a lacustrine clay at 
Marievale.
The evidence presented in this section indicates that the 
regeneration of pore water pressure a f te r  sampling may be a valid  
method fo r  determining the in situ  state of stress.
8.3.1 Normally Consolidated Brown London Clay Sampled From a
Rowe Pedometer
Hall (1974) carried out an experimental investigation into the 
p o ss ib il i ty  of estimating the in s itu  horizontal e ffective  stress by 
testing in the t r ia x ia l  cell an undisturbed test specimen of s o i l .
The tests sought to explore the hypothesis tha t, provided the 
mechanical sampling disturbance was neglig ib le , by incrementally 
reapplying the known vertica l tota l stress while simultaneously incrementing 
the ce ll pressure until the known previous pore water pressure was
regenerated, the in  s i tu  s ta te  o f  e f fe c t iv e  s tress would be resto red .
The experimental procedure consisted of a sequence of Ko 
consolidation, sampling, and reconstitution in the t r ia x ia l  c e l l .
A saturated remoulded known London clay was normally consolidated 
in a Rowe-type hydraulic oedometer, 203 mm in diameter. Consolidation 
was carried out against a constant known back pressure, simulating 
the f ie ld  pore water pressure, and under a constant known vertica l  
total stress, simulating the vertica l overburden pressure. The 
pore water pressure and the vertica l overburden pressure are normally 
known from s ite  investigation data.
Horizontal to ta l stress was measured by forming a pressure 
cell within the vertica l wall of the oedometer. This was done by 
m illing  a horizontal flat-ended hole almost through the wall of the 
oedometer until the wall was loca lly  reduced to a thin diaphragm. The 
thickness of the diaphragm was computed from the theory of the bending 
of a c ircu lar plate fixed at the edges. A spira l-type s tra in  gauge
was bonded to. the diaphragm inside the c ircu lar  cavity on the outside of the 
oedometer w a l l . The pressure cell was calibrated by consolidating the 
clay to the prescribed state of e ffec tive  stress, removing the top plate  
of the oedometer, coring out a concentric c ircu lar cavity down the 
vertica l axis of the tes t specimen, replacing the removed soil by a 
w a te r - f i l le d ,  specially -  formed rubber bag, replacing the top p late ,  
pressurising the rubber bag and measuring the output signal of the s tra in  
gauge. This was repeated for progressively larger cores and correspondingly 
larger rubber bags, fin ishing up with the condition of no soil with the
oedometer f i l l e d  with water only. The output signal was plotted  
against the core diameter and a curve f i t t e d  to the points such that 
the extrapolated curve was asymptotic when the core diameter was 
in fin ites im al corresponding to the condition of soil only. In this  
way the gauge factor of the pressure cell was determined for the particu lar  
soil under the particu lar load conditions, enabling the horizontal 
to ta l stress to be determined.
When consolidation was completed fo r  the soil only condition, the 
vertica l and horizontal to ta l stresses and the pore water pressure were 
noted, the top plate removed and 38 mm diameter thin-walled sampling 
tubes pushed into the s o i l .  The sampled soil was then extruded into  
a bath of melted wax in order to avoid subsequent loss of moisture.
To prevent the test specimen swelling on setting up in the 
t r ia x ia l  c e l l ,  the base pedestal was equipped with a small piezometer,
3.2 mm in diameter by 95 mm high, consisting of a rod of porous stone 
tipped with a 60° stainless steel cone and r e s t - in g  in a socket hole 
d r i l le d  to the pore water duct. The ducts and the piezometer were 
deaired and submerged in a bath of deaired water. The waxed te s t  specimen 
was pushed down onto the base pedestal with the piezometer penetrating 
through the wax and into the s o i l .  At the same time the rubber membrane 
was f i t t e d  in such a way as to exclude free water.
The modelled in situ stresses measured in the Rowe cell were then 
applied to the t r ia x ia l  test specimen and the generated pore pressure 
measured. I t  was observed that the pore pressure'generated a f te r  three hours 
was exactly the same as that which existed in the Rowe cell ( i.e. 275 kPa). 
Overnight the pore pressure dropped and remained stable at 265 kPa. The
results of Halls study are presented in table 8 .1 .
8.3 .2  Undisturbed Gosport London Clay
To ve rify  the observation of Hall (1974) a s im ilar method 
was applied to three undisturbed test specimens of London clay obtained 
from Gosport. The samples used were recovered in U100 sampling 
tubes from a depth of approximately 9.5 m down •, bo reholes d r i l le d  using 
a shell and auger r ig .  The description of the samples was as follows: 
a hard, dark grey, very sandy, very s i l t y  clay with pockets of fine  
medium sand (Clayton, 1979). The basic material properties of the 
samples were:
P lastic  Limit = 21%
Liquid Limit = 56%
P la s t ic ity  Index = 35%
Moisture Content = 23%
To apply the test procedure the in s itu  stresses were required 
and these were achieved as follows. The pore water pressure was 
evaluated by determining the ground water regime and calculating the 
water pressure at the tes t depth accordingly from simple hydrostatic  
considerations and assuming no underdrainage. From a knowledge of the 
depth of each recovered test specimen the overburden pressure was 
calculated using an estimated bulk unit weight of 20 kN/m^. The next 
step was to deduce the value of Ko from which the horizontal e ffec tive  
stress and hence the horizontal tota l stress could be calculated. 
F irs t ly ,  the overconsolidation ra tio  had to be found. This was achieved
using a vertica l e ffec tive  stress versus moisture content plot as 
obtained from a normal oedometer test (figure  8 .1 ) .  From the in s itu
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moisture content of 23% and the in situ  e ffec tive  overburden pressure 
a preconsolidation e ffec tive  stress of 815 kPa was determined, resulting  
in an overconsolidation ra tio  of approximately 7 .1 . Using this  
overconsolidation ra tio ,together with a p la s t ic i ty  index of 35%,on the 
curve developed by Brooker and Ireland (1965) re lating these two 
parameters to K0 for London clay (f igure  2 .9 ) ,  yields a value fo r  Ko 
of approximately 1 .3 . The horizontal tota l stress was therefore  
evaluated as approximately 233 kPa.
The above procedure was used to calculate the in s itu  to ta l  
stresses for three samples from depths varying from 9.50 to 9.95 m. Each 
test specimen then had in s itu  to ta l stresses, plus 350 kPa applied 
using a t r ia x ia l  ce ll developed by Bishop and Wesley (1975), and the 
pore pressures generated were measured. The additional 350 kPa pressure 
was applied to the in s itu  stresses to ensure any entrained a i r  remained 
in solution. I t  can be seen from table 8.1 that the pore water pressures 
generated by the te s t specimen approximate closely to the calculated  
in s itu  pore pressures.
8 .3 .3  Normally Consolidated Ripley Sand
The work described in section 8.3.1 and 8 .3 .2  suggests that the 
act of sampling does not unduly disturb the grain structure of the s o i l ,  
thus the mean e ffec tive  stress remains constant. I f  this is so the 
application of the previous in s itu  stresses to a test specimen w i l l  
generate the in s itu  pore water pressure. Moreover, i f  the more easily  
determined in sitfc values of vertica l to ta l stress and pore pressure fo r  a
test specimen are known i t  w i l l  be possible to reinstate the horizontal 
to ta l stress using the APTT system in the following way.
The test procedure was carried out by applying a vertica l to ta l  
stress/pore water pressure stress path, using the horizontal to ta l  
stress ( ie .  cell pressure) to generate the required pore water pressure and 
maintain the stress path shown in Figure 8.2. In i t ia l ly ,a n  isotropic  
stress was applied to the test specimen to bring the pore water pressure 
into the measurable positive range, and from this the position of A in
figure 8.2 was located. The known in s itu  values of v e rt ica l to ta l
stress and pore water pressure were then used to locate the position of 
B in figure 8 .2 , and thus the position and gradient of the required 
stress path was determined. The stress path was then controlled in a 
way s im ilar to the application of a tota l stress path described in 
Chapter 4. A flow chart i l lu s tra t in g  the software for control of this  
tes t is given in f igure  8 .3 . In order to control the test the equipment 
was arranged as shown in figure 8 .4 . I t  can be seen from figure 8.4  
that the computer controlled both the increase in deviator stress and the
reference signal to the cell pressure process contro lle r. The cell
pressure was automatically adjusted using a control loop. In order to 
control the generation of the pore pressure by increasing the ce ll pressure, 
the feedback signal to the cell pressure process controller came from 
the pore pressure transducer and not the cell pressure transducer.
The system and method was then applied to three test specimens of 
Ripley sand which were normally consolidated under K0 conditions to stress 
levels s im ilar to those used in the drained and undrained investigations. 
A fter consolidation the tes t specimens were "sampled" in the undrained
A
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condition by reducing the to ta l stresses to atmospheric pressure.
From th is  stress state an-in it ia l-seT i:p ressure  of approximately 
170 kPa was applied to ensure the pore pressure became positive  
whereupon the pore pressure transducer was switched into the system.
From this in i t i a l  conditbn the vertica l tota l stress and pore water 
pressure was applied to a tta in  the in s itu  horizontal to ta l stress.
The resu lt  of these three tests are presented in table 8 .1 .
8.4 Speculative Discussion of the Test Results
The preliminary tests of Hall (1974) indicate that the effects  
of sampling disturbance,.attributed to both that caused by stress r e l ie f  
and mechanical disturbance, do not a ffec t s ign if ican tly  the pore pressure 
response of the test specimen to the reapplication of the in s itu  state  
of to ta l stress. This was confirmed by the results of the tests  
performed on undisturbed-overconsolidated London clay, where the pore 
pressures regenerated appear to be in agreement with those estimated 
as existing in s itu ,  even though the in s itu  horizontal to ta l stress was 
determined by an ind irect method.
I t  has been demonstrated that the APTT System could-be-used with this 
test method to determine the in s itu  stresses when only the vertica l  
total stress and pore water pressure were known. The results produced 
by using Ripley sand in the undrained condition to simulate the behaviour 
of a clay, indicate that the horizontal to ta l stress can be determined 
to within approximately 7 %  of the in s itu  value. This error would 
probably have been smaller i f  the pore pressure transducer was used 
continuously with the cell pressure controller and accurately scaled to
the reference signal. In the tes t system two d iffe re n t transducers 
were used, one to control the stage during K0 consolidation and another 
to measure pore pressure during the stage. Changing the control of the 
cell pressure from one transducer to the other during a test presented 
d i f f ic u l t ie s  in scaling the changed transducer properly and probably 
attributed to some of the error described.
The principle common to both test types discussed here is that  
i f  the in s itu  state of to ta l stresses is  reapplied to an undisturbed 
t r ia x ia l  test specimen of the so il ,  the known in s itu  pore water 
pressure w i l l  be generated to within approximately 10%. This princip le  
has been studied in three widely d iffe r in g  tes t conditions and i t  is 
remarkable, therefore, that such consistency of results was obtained. 
Accordingly, the concept shows considerable promise but, of course, 
a great deal of exhaustive research is required in order to establish  
the v a l id i ty  of the technique. Certainly the APTT provides a 
suitable means whereby this future work can be undertaken.
Table 8.4
Summary of data re la ting  to the assessment of Ko
SOIL
SAMPLING
Remoulded 
normally consol­
idated Brown. 
London clay.
Thin-walled 
sampling tube 
pushed into soil 
in Rowe cell
Undisturbed 
.overconsolidated 
London clay, 
Gosport.
Extruded from 
U100 sampling 
tube
Normally consolidated 
sand, Ripley.
Simulated to ta l stress 
r e l ie f  only, using 
APTT system.
in  s itu decoded
(1) 545 510 520
C7y(kPa) ( i i ) 690 551 • 517 514
( i i i ) 540 522 537
( i ) 586 342 313
oH(kPa) ( i i ) 628 592 334 310
( i i i ) 581 329 313
u(kPa)
( i ) 411 200
. ( I 1) 275 417 200
( m ) 407 199
regenerated ( i ) 407 197
p.W.p. ( i i ) 265 437 198
( i i i ) 414 199
( i ) 1.31 0.46
in s itu  K0 ( i i ) 0.85 1.31 0.42
( i i i ) 1.31 0.40
0 )
estimated ( i i )  
Ko ( i l l )
0.86
1.30
1.36
1.33
0.36
0.36
0.35
CHAPTER 9
9.0 The A p p lica t io n  and Im p lica t ion s  o f R e a l is t ic  Stress Paths in
the T r iax ia l Cell
9.1 The Case for Modelling Field Soil Behaviour in the Triax ia l Test
In the prediction of ground movements induced by construction, 
deformation moduli are used as design parameters in an e las tic  analysis. 
These moduli may be measured in the t r ia x ia l  compression test in order 
to provide data a t the design stage. The laboratory tes t model, 
however, does not simulate closely the f ie ld  prototype. For example, 
back-analysing the undrained Youngs Modulus from f ie ld  observations 
of large scale tests and actual structures in London clay and correlating  
these values with those obtained from corresponding t r ia x ia l  
compression tests have shown that the laboratory measured moduli 
are s ig n if ic a n tly  in e rro r, the d isparity  being ascribed to the 
cumulative effects of scale, stress leve l,  sampling disturbance, machine 
interference and an isotropic starting stage of stress in the laboratory  
tests (Marsland, 1971; Atkinson, 1974). Other factors known to 
affect t r ia x ia l  test measurements of soil performance include: 
orientation of te s t  specimen, testing ra te , time between sampling and 
testing (Simons and Menzies, 1975).
The advent of r e a l is t ic  analytical methods such as f in i te  
element stress analysis incorporating anisotropy and non-homogeneity 
of soil parameters have increased greatly the degree of similitude  
between analytical models and the f ie ld  prototype. The fu l l
exploitation of these powerful analytical techniques requires the prior  
provision of r e a l is t ic  f ie ld  parameters and where such parameters are 
not available from back-analysis parametric studies only may be carried  
out at the design stage. There is a clear need therefore to develop 
laboratory testing techniques which achieve comparable s im ila r ity  
between the test model and the f ie ld  prototype as exists between the 
analytical model and the f ie ld  prototype (Menzies, 1976 (a ) ) .
9.2 The Influence of Stress History on Laboratory Measured Soil
Properties
The stress history of an undisturbed test specimen of soil 
tested in the t r ia x ia l  cell includes the local stress changes in the 
parent soil due to the presence of the borehole changing the stresses 
locally  within the soil mass together with any local residual 
stress changes caused by driving the hole and its  casing, the complete 
removal of to ta l stresses on extrusion and trimming in the laboratory, 
normally followed by an isotropic increment in to ta l stress by applying 
cell pressure, normally followed by a monotonic increase in axial to ta l  
stress only. The conventional t r ia x ia l  tes t model is thus subjected 
to a loading sequence which does not occur in the soil in the f ie ld  
where vertica l and horizontal construction stresses vary simultaneously 
and to ta l stress removal occurs only imnediately adjacent to tunnels, 
cuts and excavations.
Since the s tre s s -s tra in .behaviour of real so ils , e ither in terms 
of tota l or e ffec tive  stress, is fa r  from that of any simple ideal 
material in that soil is non-linear, in -e la s t ic  and time dependent
(Davis and Poulos, 1967); and since the behaviour of soil under load 
is also stress path dependent (Wroth, 1975), measurements of t r ia x ia l  
test model performance are unlikely to produce data applicable 
d ire c tly  to the f ie ld  prototype, due mainly to the combined effects of 
sampling disturbance and the application in the laboratory of a stress 
path which does not simulate the f ie ld  stresses before, during and 
a fte r  constructon.
Sampling disturbance can be regarded as being made up of 
the effects consequent upon boring, sampling and test specimen 
preparation. These effects include physical disruption or partia l  
remoulding where the structure of the soil and the stresses in the soil 
are changed by the insertion and operation of the boring and sampling 
equipment; and the stress r e l ie f  due to the removal of the in situ  
principal stresses which are generally not equal, thus leaving the sample 
with a modified stress history (Bishop and Henkel, 1962).
Physical disruption of the soil or mechanical disturbance 
can be minimised by u t i l is in g  proven techniques. For example, thin  
walled piston samplers jacked into the ground cause very l i t t l e  
mechanical disturbance and this technique together with careful 
handling in the f ie ld ,  during tra n s it  and in the laboratory, give 
reasonably re lia b le  measurements of the undrained strength of clays 
(Simons and Menzies, 1975). Hand cut block samples of clay taken 
from an open excavation may be used equally well. Careful hand 
trimming from a larger sample rather than sub-sampling has been found 
to minimise mechanical disturbance (Ward, Samuels and Butler, 1959; 
Skempton and Sowa, 1963).
In contrast, the sampling disturbance due to stress r e l ie f  
is unavoidable. The complete removal of to ta l stresses to zero local 
atmospheric pressure during the process of sampling and test specimen 
preparation produces a negative pore water pressure and an isotropic  
state of e ffec tive  stress. Accordingly, while volumetric strain may 
not have occurred due to there being no change in water content in the 
saturated clay sample, the change in to ta l stress from the 
anisotropic state to the isotropic state w i l l  cause shear strain with 
a consequent change in the state of e ffective  stress (Simons and 
Menzies, 1974). Applying an isotropic to ta l stress increment to the 
undrained test specimen by an increment of cell pressure in the 
t r ia x ia l  ce ll w i l l  of course not a l te r  this modified state of 
effective  stress. Applying the in situ anisotropic tota l stresses, 
however, together with a backpressure equal to the f ie ld  pore pressure, 
w ill  reproduce the in s itu  state of e ffective  stress and may well 
restore the soil structure close to the f ie ld  condition. Thus, 
provided the orig inal f ie ld  stress state may be ascertained, commencing 
the t r ia x ia l  tes t from the f ie ld  stresses as datum provides an 
essential part of a logical tes t procedure.
Skempton and Sowa (1963) performed t r ia x ia l  tests on Weald 
clay and showed that while the effects of stress r e l ie f  sampling 
disturbance gave divergent f ie ld  and conventional tes t stress paths 
prior to fa i lu re ,  when approaching fa i lu re  the paths converged.
Simons and Som (1969) demonstrated that settlements computed using 
compressibility data obtained for London clay by simulating the f ie ld  
stress path in the t r ia x ia l  cell were s ig n if ican tly  more r e a l is t ic  
than those based on data from the conventional oedometer te s t ,  even
when the conventional method of settlement computation was. corrected 
for the lower pore pressures induced in the f ie ld  (Skempton and Bjerrum, 
1957). Davis and Poulos (1967) simulated in situ soil by 
consolidating te s t  specimens of kaolin in a special t r ia x ia l  ce ll ' 
enabling KQ consolidation. Perfect sampling was simulated by to ta l  
stress removal and th is  was followed by reconsolidating the test  
specimen both iso trop ica lly  and anisotropically  prior to conventional 
compression testing. I t  was found that the e ffec t of disturbance  ^
due to stress changes which must arise even in perfect sampling 
was of the same order as the additional effect of mechanical disturbance 
in real sampling; the effects of disturbance on deformation properties 
were generally greater than on strength properties, the undrained 
Youngs Modulus being pa rt ic u la r ly  sensitive to disturbance; to minimise 
the effects of sampling disturbance i t  was advisable prior to testing  
an undisturbed tes t specimen to reconsolidate i t  under conditions as 
close as possible to the original f ie ld  conditions.
There is thus a clear case, both in tu i t iv e ly  and on the 
evidence, for mitigating the effects of sampling by restoring the 
in situ stresses to the tes t specimen. Logically, i f  the stress state  
is restored to the beginning of the f ie ld  construction stress path, 
this path should not then be abandoned by carrying out a conventional 
compression te s t. Furthermore, i f  the effects of the non-field  
stress path of sampling stress r e l ie f  are detrimental and require 
remedial measures, i t  follows that the non-field stress path of the 
conventional compression test probably has a s im ilar ly  detrimental 
e ffec t. Accordingly, having restored the in situ stresses, the 
degree of s im ilitude achieved with the f ie ld  condition should be
sustained by then fo l lo w in g  the f i e l d  cons truc tion  s tress path.
9.3 The Influence of Degree of Field Simulation in the Triax ia l
Test
The study undertaken has investigated how possible and necessary 
real stress paths are in order that re a l is t ic  soil deformation 
behaviour may be observed in the t r ia x ia l  c e l l .  Consequently, the 
information obtained has enabled an assessment to be made of the 
effects on deformation behaviour of simulated sampling disturbance, type 
of reconsolidation, and a modelled f ie ld  stress-path. The 
investigation was performed upon Ripley sand in both the drained and 
undrained conditions.
9.3.1 Kn Consolidation and Swelling
The essential preliminary to a l l  the tests was to model the in situ  
so il .  This was achieved by devising a new automatic system for  
simulating K0 consolidation in the conventional t r ia x ia l  ce ll  
(Menzies, Sutton and Davies, 1977) which is  described in deta il in 
Chapter 6. I t  was established in Chapter 6 that this tes t system was 
able to maintain the la te ra l deformation of a test specimen during 
KQ consolidation to ± 1 ym, which is as good or better than the normal 
oedometer test. The results produced using th is  system demonstrated 
consistentresults for K0 of 0.41. I t  is interesting to note that the 
information obtained from th is  system indicated that the permitted 
range of la te ra l deformation affects s ig n if ican tly  the mean value of K0
deduced, p a r t i c u la r ly  when the la te ra l  deformation exceeds ± 3 ym.
9.3.2 Application of Field Stress Path Where Vertical and Horizontal
Stresses Vary Simultaneously
To investigate the e ffec t of applying d if fe re n t  to ta l stress 
paths to a te s t  specimen a new tes t system had to be developed. The 
automatic t r ia x ia l  tes t system (APTT) described in deta il in Chapter 
4, is able to apply any desired stress path possible in the t r ia x ia l  
cell to the tes t specimen. An important f a c i l i t y  of the APTT system 
is that i t  is composed of a number of devices in a modular form, th is  
enables them to be arranged in various ways to su it  any tes t  
procedure. For example, the reconsolidation procedure described in 
Chapter 8.
The application of various stress paths to specimens of soil 
tested from the same stress states in both the drained and undrained 
conditions is described in Chapter 7. For undrained tests the results  
indicate that the e ffec t of d if fe ren t stress paths upon the 
deformation characteristics is small. For drained tests however, i t  
was apparaent that the application of d if fe re n t  to ta l stress paths 
markedly affected the resulting deformation characteristics. Thus, 
i t  is necessary to apply the construction stress path to a drained 
tes t and unnecessary to apply i t  to an undrained tes t.
9 .3 .3  Sampling and Reconsolidation
Using the APTT system the e ffec t of undrained stress r e l ie f
sampling disturbance was investigated for specimens subsequently 
tested in the drained and undrained conditions. I t  can be concluded 
from the evidence presented in Chapter 7 that sampling disturbance 
does a ffec t the deformation characteristics of a soil in both the 
drained and undrained conditions. The extent to which the deformation 
characteristics are affected are moie s ign ificant fo r  the undrained 
test specimens than for the drained, test specimens. This is confirmed 
by the values of deformation moduli presented in Tables 7.2 and 7.3.
The importance of reconstituting the in s itu  stresses to a 
specimen of soil before testing, in the drained or undrained condition 
was demonstrated in Chapter 7. This supports the findings of Davis 
and Poulos (1967) and Atkinson (1974) who advocated the re-application  
of the in situ stresses before testing commenced. Furthermore, the 
study revealed that anisotropic reconsolidation is necessary because 
this restores the tes t specimen to its  original height before 
undrained stress r e l i e f  sampling. I t  has been demonstrated in 
Chapter 7 that the deformation behaviour of a soil changes markedly 
as soon as the preconsolidation axial strain was achieved. Below the 
preconsolidation axial strain the deformation characteristics of a soil 
are approximately l in e a r ,  as observed by Wroth (1975). Exceeding the 
preconsolidation axial strain changes the deformation characteristics  
markedly.
9.3 .4  A Speculative Method f o r  Estimating the In S itu  Horizonta l
Effective Stress from an Undisturbed T r iax ia l Test Specimen
The necessary pre-requisite  of knowing the normally unknown in 
situ stresses encouraged thedevelopment of a new test procedure.
This new tes t procedure was then applied using the APTT system to 
determine the in s itu  horizontal to ta l stress automatically when only 
the in s itu  pore water pressure and vertica l to ta l stress are known.
This was achieved by applying a vertica l total stress/pore water 
pressure stress path where the ce ll pressure system reference signal 
was generated by the pore pressure transducer whence the control loop 
was closed (Chapter 8 ).
Preliminary t r ia x ia l  tests were carried out not using the APTT 
system. The tests on a remoulded London clay and an undisturbed 
London clay indicated that the pore pressures regenerated in a 
t r ia x ia l  tes t specimen upon the re-application of the in situ to ta l 
stresses approximate closely to the in s itu  pore water pressure. Applying 
this reconsolidation methodising the APTT system,on Ripley sand in 
the undrained condition to model the behaviour of clays, i t  was 
demonstrated that the in situ horizontal to ta l stress could be 
determined to within 1 %  of the in s itu  value.
9 .3 .5  Further Research
The tests described in this study were carried out on a normally 
consolidated coarse sand and the results and conclusions apply
s p e c i f ic a l ly  to  th a t  s o i l .
The results show, however, that fo r  the undrained condition to 
produce stress-stra in  relationships for coarse sand approaching 
closely to the simulated f ie ld  relationships under construction 
loading, the te s t  specimen must be anisotropically  reconsolidated to 
the modelled in s itu  stresses. In th is respect, therefore, Ripley 
sand models the undrained behaviour of Boston Blue clay (Ladd, 1964) 
and Sydney kaolin (Davis and Poulos, 1967).
Further exhaustive investigation is necessary upon clay soils  
to confirm the v a l id i ty  of the results of the undrained tests on 
Ripley sand modelling an undrained clay. Indeed, i t  is also necessary 
to confirm that the results of the drained tests on Ripley sand can 
be applied to drained clays. In order to investigate the effects of 
sampling disturbance, d if fe re n t applied to ta l stress paths and 
methods of reconsolidation upon clays, the APTT system can be 
modified to perform the necessary testing procedures.
9.4 The Best Possible Laboratory Procedure for Obtaining Field
Stress-Strain Relationships
From the foregoing i t  may be concluded that the best possible 
laboratory te s t procedure enabling the f ie ld  stress-stra in  relationships  
to be estblished is as follows:
( i )  with an absolute minimum of mechanical disturbance
during each operation, sample the s o i l ,  convey i t  to 
the laboratory and prepare the test specimen (e.g . hand 
trimming from a block sample);
( i i )  ascertain the in s itu  stresses by the method of pore
pressure regeneration and in the t r ia x ia l  ce ll  
anisotropically  reconsolidate the tes t specimen to the 
in s itu  stresses. This is of majoh importance for  
testing both drained and undrained soil behaviour;
( i i i )  ascertain the f ie ld  construction loading stress path
(e.g. by stress analysis) and apply this stress path 
to the tes t specimen. This appears to be of major 
importance fo r  testing drained behaviour but of minor 
importance fo r  undrained te s ts 0
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APPENDIX I
I .1 Conversion to  Control the E ffe c tiv e  Stress Path
I f  i t  becomes necessary to convert the program to control the 
effec tive  stresses i t  can be achieved by accounting for the pore 
water pressure. The computed change in horizontal stress (ce ll  
pressure) to maintain a tota l stress path ra tio  is given by:
The corresponding change in horizontal to ta l stress (ce ll pressure) 
to maintain an e ffec tive  stress path is:
To control the e ffec tive  stress path the co-ordinates of the stress 
path are input in terms of e ffective  stress. Accordingly the e ffec tive  
stress path ra t io ,  K‘ , is computed and the change in horizontal to ta l  
stress (cell pressure) calculated using equation 1.2. Otherwise the 
e ffec tive  stress path program is identical to the tota l stress path 
program.
1.2 Control of the Deviator Stress Using a Time Ramp Function
AoHT s = A 0 D/ ( K - 1 ) (1.1)
Agu = Aan/(K ' -  1) + AU 
HE.S. U
( 1 . 2 )
I f  i t  was necessary to perform tests at very slow rates of 
increase in deviator load, such as tests upon clays, this can be
achieved by using a time ramp function to control the deviator stress 
applied (Figure 1 .2 ) .  The necessary additional piece of equipment 
required was a real time clock which can be read and reset to zero 
by the computer. In the system a Hewlett Packard 98034A real time 
clock which was capable of discriminating time to one micro-second 
was used.
When the test specimen was in a stable condition a t the beginning 
of a stress path the current deviator stress is allocated to Oqq and 
the clock is reset to begin counting. Previously the variable R, 
the required rate of increase of deviator load in kPa/hr, was input 
into the program and the required deviator load a fte r  time t  is 
given by:
aDt = aD0 + R,t ( I ’ 3 )
The value of R can be approximately from zero to several hundred 
kPa/hr, thus any practical loading rate possible. The frequency, 
of data acquisition was adjusted to enable a smooth stress path to 
be applied. For example, the lower the value of R, the longer the 
time interval necessary between each successive data acquisition.
After computation of the new deviator stress level and horizontal 
stress le v e l,  signals are sent to the appropriate process controllers  
to a tta in  these new stress levels.
I .3 Composition of the Main Program
The main program used throughout this work contains a l l  the
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special types of tests described herein and is i l lu s tra te d  diagrammatically 
in Figure 1.3. I t  consists of: K0 consolidation or K0 swelling; a 
stress r e l ie f  sequence; the decoding method; and the stress path 
programme, as presented in Figure 1.3.
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For the undrained tests the following notation applies
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For the drained tests the following notation applies:
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B-D Conventional tes t
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A  new system for automatically simulating K0 
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The magnitude of horizontal stresses in the ground has a major influence on the behaviour of 
a soil under load since this is stress-path dependent (Wroth, 1975). Deformations and local 
yield, particularly around excavations and underground openings, are affected to a marked 
degree by the changes in lateral stress that occur (Henkel, 1970; Morgenstern and Eisenstein, 
1970). The crucial dependence on the in situ effective stresses of realistic analytical models 
incorporating strain-softening soil behaviour has been demonstrated by Lo and Lee (1973). 
Atkinson (1974) has pointed out the importance of commencing tests on undisturbed soil 
specimens in the laboratory from the in situ stresses as datum. The estimation of in situ 
K0, the ratio of the horizontal effective stress to the vertical effective stress, is thus essential in 
order to begin to achieve similitude between laboratory test models, analytical soil models, 
and the field prototype (Menzies, 1976a).
Various tests may be carried out to measure effects related to the in situ state of effective 
stress. Field tests include hydraulic fracturing (Bjerrum and Andersen, 1972; Vaughan, 
1972; Penman, 1972; Bjerrum et al., 1972) and the use of pressuremeters of different types 
(Menard, 1957; Kenney, 1967; Baguelin et al., 1972; Massarsch, 1973; Wroth and Hughes, 
1973). In the laboratory promising attempts have been made to relate the total pressure 
relieved by the sampling operation with the consequential pore pressure changes measured in 
triaxial test specimens prepared from the sample (Skempton, 1961; Bishop et al., 1965; Knight 
and Blight, 1965; Blight, 1967). For undisturbed triaxial test specimens of normally con­
solidated clay the in situ horizontal effective stress has been estimated by a method analogous 
to finding the vertical preconsolidation pressure (Zcevaert, 1953; Poulos and Davis, 1972). 
The effect of stress path on the development of lateral stresses under K0 conditions of zero 
lateral strain has been studied in the laboratory using instrumented oedometers (Som, 1968; 
Som, 1970; Simons and Som, 1970; Abdelhamid and Krizek, 1976). Automatic K0 consolida­
tion of triaxial test specimens has been carried out in modified triaxial cells (Davis and Poulos, 
1963) and in conventional triaxial cells connected to control systems (Bishop, 1958; Lewin, 
1971; Mitachi and Kitago, 1976). The manual control of K0 consolidation in the triaxial 
cell has been facilitated by using visual lateral strain indicators (Bishop and Henkel, 1962; 
Akai and Adachi, 1965). The measurement electronically of radial deformation of the triaxial 
test specimen has been made by using various lateral strain devices (Brown and Snaith, 1974; 
El Ruwayih, 1976; Menzies, 1976b; Boyce and Brown, 1976).
Discussion on this Technical Note closes 1 March, 1978. For further details see inside back cover.
* University of Surrey, 
t  GeoSystems Ltd.
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Fig. 1. Control system to simulate A'„ consolidation and A’,, swelling in conventional triaxial cell
This Note describes a new system for automatically simulating K0 consolidation and K0 
swelling in the conventional triaxial cell. The system is shown diagrammatically in Fig. 1. 
Changes in test specimen diameter are detected by a lateral strain caliper (Menzies, 1976b) 
which is linked to a process controller which in turn operates a cell pressure servomechanism 
thus forming a control loop. The servomechanism consists of a pressure control cylinder 
driven through a telescopic shaft by an electric motor and a gearbox.
The process controller is an electronic device in which a reference signal may be set. This 
reference signal is compared with a feedback signal and the difference or error is found. The 
process controller is sensitive to the magnitude of the error and to its polarity. If  the error 
exceeds a pre-set level the system is driven until the error is eliminated, this null position being 
attained without overshoot.
The process controller may be operated by a feedback signal from any electrical transducer 
monitoring the quantity to be controlled. It may be used to link a pressure transducer to the 
cell-pressure or back-pressure servomechanism enabling the arrangement to function as a 
constant pressure system. In the test described in this Note a back pressure system of this 
type was used (Fig. 1) having an accuracy of within 0-1 % of the full pressure range of 1000 kPa. 
Using the process controller to link an axial load cell to the motorized triaxial loading frame 
enables this arrangement to operate as a constant axial load system. The process controller is 
set to local mode for these operations and the required constant pressure or constant load may 
be directly dialled in appropriate units on a four figure digital switch which scales the reference 
signal. Switching the process controller to remote mode passes the control of cell pressure, 
back pressure and axial load to a desk-top computer. This allows any stress path possible 
in triaxial stress space to be readily programmed.
When automatically simulating K0 consolidation or K0 swelling in the conventional triaxial 
cell the feedback signal to the process controller operating the cell pressure servomechanism 
is the output of a displacement transducer bridging the opening of a lateral strain caliper. The 
reference signal is set as the transducer output prior to the axial loading change. When the 
axial loading changes, the diameter of the test specimen changes. This change is detected by 
the lateral strain caliper giving a feedback signal above or below the reference value whereupon 
the process controller drives the cell pressure servomechanism. As the cell pressure changes, 
the diameter of the test specimen is corrected until the error signal is eliminated. In this way 
the test specimen diameter is kept within a set tolerance. On maximum sensitivity the system 
detects changes in test specimen diameter of less than 1 nm.
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Fig. 2. Plotted results of triaxial test simulating K0 consolidation followed by K0 swelling on saturated coarse
Ripley sand; (a) loading-unloading effective stress path; (b) variation in test specimen diameter with vertical 
effective stress
Using the system shown in Fig. 1, K0 consolidation followed by K0 swelling was simulated 
in a conventional triaxial cell. The test was carried out on a 100 mm diameter by 200 mm high 
test specimen of saturated coarse Ripley sand, a rounded alluvial sand from the river terrace 
of the River Wey at Ripley in Surrey. The test specimen was prepared in a loose state by 
depositing the sand through water to give an initial porosity of 40%. The test specimen was 
isotropically consolidated to an effective stress of 20 kPa and then axially loaded and axially 
unloaded, the triaxial loading frame driving at a constant rate and the cell pressure and back 
pressure adjusting automatically to give constant test specimen diameter and constant pore 
pressure, respectively. The resulting stress path is shown in Fig. 2(a) and the corresponding 
change in test specimen diameter in Fig. 2(b). It can be seen that the test specimen diameter 
was kept within a tolerance of about ± 1 p.m.
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